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REMARKS 

Claims 44-59 are pending and under examination. Claims 44, 47 and 57 have been 
amended. New claims 60-70 have been added. Support for the amendments can be found 
throughout the specification and the claims as filed. In particular, support for the amendments 
can be found in the claims as filed and on page 30, lines 5-7. Support for new claims 60-70 can 
be found in original claims 9-14. Accordingly, these amendments and new claims do not raise 
an issue of new matter and entry thereof is respectfully requested. 

Regarding the Priority Claim 

In the Office Action, it is indicated that the specification lacks the necessary reference to 
the priority application. It is respectfully pointed out that the priority claim was inserted by 
amendment in the transmittal referencing the filing of the present application. The first 
paragraph related to the priority claim has been amended to reflect the status of the parent 
application, as requested by the Examiner. 

Objection to the Claims 

The Office Action asserts that claims 52 and 57 are duplicate claims. Without addressing 
the merits of the objection, Applicant has nevertheless canceled claims 52-56. 

Rejections Under 35 U.S.C. $ 1 12, First Paragraph 

The rejection of claims 44-59 under 35 U.S.C. § 1 12, first paragraph, as allegedly lacking 
written description is respectfully traversed. Applicant respectfully maintains that the 
specification provides sufficient description and guidance for the claimed methods. 

In the Office Action, it is asserted that various generic terminology such as "common 
ligand," "conserved site," "specificity ligand," "specificity site," "receptor family" and 
"expansion linker" are recited in the claims but that these terms have broad definitions (Office 
Action, pp. 3-4). On pages 5-6 of the Office Action, there is again reference to the definition of 
these terms and that the terms "common ligand" and "specificity ligand" can encompass 
different moieties. It is respectfully pointed out that none of the terms "conserved site," 
"specificity ligand," "specificity site," "receptor family" or "expansion linker" are recited in the 
claims. As for "common ligand," this term is defined in each claim as a "cofactor or analog 
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thereof." Therefore, the assertion that broad terms are recited in the claims or that adequate 
support is not provided for these terms is not relevant to the pending claims. 

The Office Action further indicates that the "structure of the claimed bi-ligands cannot be 
determined by the dehydrogenase enzyme or the cofactors" (page 5). Applicant respectfully 
points out that the claims are directed to methods of identifying a population of bi-ligands to 
dehydrogenases, not bi-ligands. The Office Action additionally asserts that screening for a bi- 
ligand that binds to and has specificity for a second dehydrogenase requires further 
experimentation. However, the claims are directed to methods of identifying a population of bi- 
ligands and screening for binding activity and therefore require carrying out the steps of the 
claims. It is unclear how carrying out the steps of a method that may include experiments 
performing the steps of the method is relevant to written description. 

The specification teaches a method for identifying a population of bi-ligands to a receptor 
(page 15, line 29, to page 16, line 15). The specification further teaches that a receptor can be an 
enzyme such as a dehydrogenase or an enzyme that binds NAD or NADP (page 11, lines 6-7; 
page 12, lines 31-33). The specification additionally teaches methods for identifying a bi-ligand 
to a receptor such as a dehydrogenase or enzyme that binds NAD or NADP (pages 29-46). 
Therefore, it is respectfully submitted that the specification provides sufficient description and 
guidance for the claimed methods. 

The Office Action indicates on page 6 that adequate disclosure, like enablement, requires 
representative examples which provide reasonable assurance to one skilled in the art that 
compounds falling within the scope possess utility and demonstrate that Applicant was in 
possession of the claimed invention. The Office Action further asserts that "[T]he more 
unpredictable the art the greater the showing required (e.g. by "representative examples") for 
both enablement and adequate disclosure." Applicant's representative is not aware of the 
precedent for such an assertion with respect to written description and would appreciate being 
provided with the relevant authority so that the case law can be reviewed and responded to 
appropriately. 

With regard to the comment on page 5 of the Office Action that no structure of the 
identified bi-target ligand is set forth, Applicant respectfully points out that the term "bi-target 
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ligancT is not recited in the claims. Furthermore, it is respectfully submitted that a number of 
analogs of NAD and NADP were well known to those skilled in the art. As evidence that a 
number of such derivatives were well known to those skilled in the art, attached as Exhibit A is a 
reference by Anderson, " Analogs of Pyridine Nucleotide Coenzymes ." The Pyridine Nucleotide 
Coenzymes, Chap. 4 pp. 91-133, Academic Press, New York (1982). This reference is a review 
article describing a variety of pyridine nucleotide coenzyme analogs. Furthermore, the 
specification need not disclose what is well-known to those skilled in the art and preferably 
omits that which is well-known to those skilled and already available to the public. In re 
Buchner, 929 F.2d 660, 661, 18 U.S.P.Q.2d 1331, 1332 (Fed. Cir. 1991); Hybritech, Inc. v. 
Monoclonal Antibodies, Inc., 802 F.2d 1367, 1384, 231 U.S.P.Q. 81, 94 (Fed. Cir. 1986), cert, 
denied, 480 U.S. 947 (1987); and Lindemann Maschinenfabrik GMBH v. American Hoist & 
Derrick Co., 730 F.2d 1452, 1463, 221 U.S.P.Q. 481, 489 (Fed. Cir. 1984). 

Applicant maintains that the specification provides sufficient description and guidance to 
convey to one skilled in the art that Applicant was in possession of the claimed methods for 
identifying a population of bi-ligands to dehydrogenases or an enzyme that binds NAD or NADP 
at the time the application was filed. Accordingly, Applicant respectfully requests that this 
rejection be withdrawn. 

The rejection of claims 44-59 under 35 U.S.C. § 1 12, first paragraph, as allegedly lacking 
enablement is respectfully traversed. 

Applicant agrees with the assertion in the Office Action on page 8 that compounds that 
interact with various enzyme targets were known in the art at the time of filing but respectfully 
disagrees with the assertion that only limited numbers of such compounds were known. Many 
ligands that bind to enzymes and enzyme cofactor binding sites were well known in the art at the 
time the application was filed, including enzyme inhibitors, many of which function as drugs for 
treating various diseases. As evidence that a number of ligands that bind to the cofactor binding 
site of enzymes were well known to those skilled in the art, attached herewith as Exhibit B is a 
reference by Radzicka and Wolfenden, Methods Enzvmol. 249:284-312 (1995), which describes 
enzyme inhibitors that bind to various enzyme targets. 
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Applicants also respectfully disagree with the assertion in the Office Action on page 9 
that one skilled in the art would not know how to determine the structure of ligands which are 
cofactors or cofactor mimics because the determination of the different binding sites in an 
"enzyme family" would be unpredictable. As discussed above and exemplified in Exhibit A, 
numerous dehydrogenase cofactor analogs were well known to those skilled in the art. The 
claims are directed to methods of identifying a population of bi-ligands to dehydrogenases. It is 
well known to those skilled in the art that dehydrogenases bind to the cofactors NAD and NADP 
(see page 25, line 30, to page 26, line 1). Clearly, a skilled artisan would readily be able to 
visualize the structure of an NAD or NADP cofactor or analogs thereof. Moreover, there are 
hundreds of known structures of dehydrogenases, and therefore the cofactor binding site for 
dehydrogensease would be readily predictable by one skilled in the art. 

Applicant maintains that the specification provides sufficient description and guidance to 
enable the claimed methods. Accordingly, Applicant respectfully requests that this rejection be 
withdrawn. 

The rejection of claims 44-59 under 35 U.S.C. §, first paragraph, as allegedly containing 
new matter is respectfully traversed. Applicant respectfully submits that the specification 
provides sufficient description and guidance for the term "mimic thereof 5 (see, for example, 
page 31, lines 23-33). Nevertheless, to further prosecution, the claims have been amended to 
recite the term "analog." The specification teaches that analogs of cofactors are known (page 30, 
lines 5-7). Furthermore, as described in Anderson (Exhibit A), numerous NAD or NADP 
cofactor analogs were well known. Accordingly, Applicant respectfully requests that this 
rejection be withdrawn. 

Rejections Under 35 U.S.C. § 1 12, Second Paragraph 

The rejection of claims 44-59 under 35 U.S.C. § 1 12, second paragraph, as allegedly 
indefinite is respectfully traversed. Applicant respectfully maintains that the claims are clear and 
definite. 

Claims 44, 47 and 52 are alleged to be indefinite for the term "mimic thereof." Applicant 
respectfully submits that this rejection has been rendered moot by deletion of the term "mimic." 
Accordingly, Applicant respectfully requests that this rejection be withdrawn. 
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Claims 44-59 are alleged to be indefinite for the phrase "linker has sufficient length and 
orientation/' The specification teaches that a linker provides positioning and orientation of a 
second ligand (specificity ligand) relative to a common ligand such that they are positioned to 
bind to their respective substrate and cofactor binding sites (page 10, lines 2-7). This is also 
illustrated in Figure 1, which shows that the linker bridges the cofactor or analog thereof 
(common ligand) and second ligand (specificity ligand) to bind simultaneously to the respective 
cofactor and substrate binding sites (page 5, lines 10-15). Therefore, Applicant respectfully 
submits that one skilled in the art, based on the teachings in the specification and the language of 
the claim that "a linker has sufficient length and orientation to direct a second ligand to a 
substrate binding site," would understand that the claims are clear and definite. Accordingly, 
Applicant respectfully requests that this rejection be withdrawn. 

Claims 44-59 are alleged to be indefinite and to be incomplete for the recitation of step 

(e) . Claims 44, 47 and 57 have been amended to recite separate steps for screening and 
identifying a bi-ligand that binds to and has specificity for a first dehydrogenase (steps (c) and 
(d)) and a bi-ligand that binds to and has specificity for a second dehydrogenase (steps (e) and 

(f) ). Accordingly, Applicant submits that these claims are clear and definite and respectfully 
requests that these rejections be withdrawn. 

Rejection Under 35 U.S.C. § 101 

The rejection of claims 44-59 under 35 U.S.C. § 101 and under 35 U.S.C. § 1 12, first 
paragraph, as allegedly lacking utility is respectfully traversed. Applicant respectfully submits 
that the claimed methods have specific and substantial utility. 

The specification provides sufficient description and guidance to support a specific and 
substantial utility. The methods are directed to generating populations or libraries of compounds 
focused to have specificity for binding to particular receptor or enzyme families (page 6, line 19, 
to page 7, line 27; page 43, line 28, to page 44, line 9; page 47, lines 7-15). The specification 
further teaches that the methods can be used to generate libraries for screening therapeutic agents 
that target various diseases, for example, targeting a pathogen or targeting cancer cells (page 17, 
lines 4-19). Clearly, the advantageous methods for generating a population or library of 
compounds that allow the same population or library to be screened against multiple targets 
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which bind a common ligand has specific and substantial utility. The fact that billions of dollars 
are spent in the pharmaceutical industry to create and screen compound libraries further 
substantiates the utility of methods that advantageously generate libraries with desirable 
properties. 

The Office Action repeatedly asserts that the further experimentation must be performed 
to determine if the bi-ligands have activity and that this therefore results in lack of specificity of 
the asserted utility. Applicant draws the Examiner's attention to MPEP 2107, directed to utility. 
MPEP § 2107.1 describes examples that meet and do not meet the criteria of specific and 
substantial utility. The MPEP exemplifies lack of specific utility, for example, for a compound 
that may be useful in treating unspecified disorders or is merely described as having "useful 
biological" properties. However, as discussed above and disclosed in the specification, the 
claimed methods are used to generate compounds that can be screened for specific therapeutic 
applications. Accordingly, the assertion that the claimed methods do not have specific utility is 
clearly not supported by the guidelines on specific utility set forth in the MPEP. With regard to 
substantial utility, MPEP 2107.01 clearly indicates, contrary to the assertion in the Office Action, 
that "an assay method for identifying compounds that themselves have a 'substantial utility' 
define a 'real world' context of use," in contrast to methods of making a material that itself has 
no specific, substantial and credible utility. To the contrary, the claimed methods are directed to 
generating compounds that are used to screen for drug leads, clearly a specific, substantial and 
credible utility. 

Moreover, MPEP 2017.01 admonishes Office personnel not to interpret the phrase 
"immediate benefit to the public" to mean that products or services based on the claimed 
invention must be "currently available to the public in order to satisfy the utility requirement. 
"Rather, any reasonable use that an applicant has identified for the invention that can be viewed 
as providing a public benefit should be accepted as sufficient, at least with regard to defining a 
'substantial' utility." Clearly such an admonishment is not being followed based on the 
reasoning set forth in the Office Action. Furthermore, the description in the Office Action 
regarding "research tools" is irrelevant since the claims are clearly not directed to research tools 
but to methods that are useful for drug discovery. 



14 



Serial No.: 09/765,696 



Applicant respectfully submits that the assertion in the Office Action that the claimed 
methods of generating populations and libraries of compounds for identifying drug candidates 
lack utility is clearly without merit. Accordingly, Applicant respectfully requests that this 
rejection be withdrawn. 



Claims 44-59 stand provisionally rejected under the judicially created doctrine of 
obviousness-type double patenting as allegedly unpatentable over claims 1-28 of copending 
application serial No. 10/103,535. Applicant respectfully requests that this rejection be held in 
abeyance until there is an indication of allowable subject matter. 

In light of the amendments and remarks herein, Applicant submits that the claims are 
now in condition for allowance and respectfully requests a notice to this effect. The Examiner is 
invited to call the undersigned agent if there are any questions. 

To the extent necessary, a petition for an extension of time under 37 C.F.R. 1.136 is 
hereby made. Please charge any shortage in fees due in connection with the filing of this paper, 
including extension of time fees, to Deposit Account 502624 and please credit any excess fees to 
such deposit account. 
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I. INTRODUCTION 

The biological functioning of the pyridine nucleotide coenzymes, NAD and 
NADP, can be related to the unique combination of functional groups that com- 
pose these molecules. In a simplistic approach, one considers these compounds 
to be comprised of a pyridine base nicotinamide, a purine base adenine , two 
ribose moieties, a pyrophosphate grouping and in the case of NADP, an 
additional phosphoryl group. In the functioning of these compounds in 
oxidation -reduction reactions, hydride transfer to the nicotinamide moiety to 
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produce the 1,4-dihydrooicotinamide nag system of the reduced coenzymes is 
well established and provides adequate documentation of the importance of this 
functionality. The components of the remaining portions of the coenzyme 
molecules, adenosine dipbosphoribose (ADPR) and adenosine diphosphoribose 
phosphate can be considered important in the selective interactions of these 
molecules with enzymes. Such interactions can play a role in the specific orienta- 
tion of the coenzymes as related to bound substrate and enzyme catalytic groups. 
In the case of the adenine moiety, intramolecular interactions can serve through 
energy transfer to activate the nicotinamide ring for subsequent hydride transfer 
steps. In considering enzyme-catalyzed oxidation-reduction . reactions, one 
views the two coenzymes as 3-carboxamidopyridinium derivatives containing 
either ADPR or phospho-ADPR, emphasizing a greater importance for the 
oxidation-reduction-active nicotinamide ring. However, with the more recently 
established importance for NAD in ADP-ribosylation reactions, a quite different 
viewpoint emerges in which one considers the molecule to be composed of an 
important ADPR moiety attached to ah effective leaving group, the nicotinamide 
ring. It can be anticipated that the different components of the pyridine nuc- 
leotides would play different roles in these two different modes of functioning. 
Whether or not the biological functioning involves oxidation -reduction or ADP- 
ribosylation, changes in the structure of the various components of these 
molecules can have pronounced effects on the reactions catalyzed, and the 
modification of these components to produce structural analogs has provided an 
effective experimental approach for the study of the mode of action of these 
molecules. Analogs of the pyridine nucleotide coenzymes have played an impor- 
tant role in the elucidation of the mechanism of action of many pyridine 
nucleotide-requiring enzymes. The following discussion of pyridine nucleotide 
analogs has been limited for the most part to the consideration of NAD analogs 
since the preponderance of studies inohis area relate to this coenzyme. However, 
it should be noted that many aspects of the following discussion are equally 
applicable to the phosphoryiated coenzyme, NADP. 



U. SYNTHESIS OF COENZYME ANALOGS 

A. Chemical Methods 

Both chemical and enzymatic methods have been used for the synthesis of 
coenzyme analogs in which one or more moieties of the dinucleotide molecule 
have been modified. The earliest reported coenzyme analog was nicotinamide 
hypoxanthine dinucleotide which was prepared chemically by Schlenk et al. [ / 1 
in 1938 through the treatment of NAD with nitrous acid. It was later shown by 
Kaplan et at. [21 that the same compound could also be prepared through 
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enzymatic deaminatton. A number of coenzyme analogs have been prepared 
ihrough the chemical condensation of nucleoside monophosphates using con- 
densing agents such as A\tt-dicyclobexylcarbodiimide [3.4] and trifluoroacetic 
anhydride [5]. Such condensations can lead to mixtures containing the desired 
" product plus symmetrical by-products which can be separated through ion- 
- exchange chromatography. The formation of by-products can be avoided by 
employing the method described by Moffat and Khorana [6] in which one of the 
nucleoside monophosphates is converted to the phosphomorpholidale derivative 
and then condensed with the second, desired nucleoside monophosphate. Using 
these condensation techniques, Woenckhaus and colleagues have synthesized an 
impressive array of coenzyme analogs, the properties of which have been de- 
tailed in a recent review [4 J . Methods are also available for the complete de novo 
synthesis of NAD and NAD analogs from the appropriate nitrogen bases and 
ribose derivatives [6-/2]. 

Several coenzyme analogs have been prepared through the chemical modifica- 
tion of NAD or other NAD analogs. This route of synthesis is somewhat limited 
by the lability of the pyridine nucleotide molecule but has t however, led to the 
preparation of several very interesting analogs. The preparation of nicotinamide 
hypoxanthine dinucleotide through nitrous acid treatment of NAD has already 
been noted Other direct chemical modifications of the adenine moiety of 
NAD include: (1) reaction with ethylene oxide to form the N l ~ and A^- 
hydroxyethyl derivatives 1/5]; (2) reaction with iodoacetic acid to form A^- 
carboxymethyl-NAD which was further condensed with 1 ,6-diaminohexane to 
form A^-[yV-(6-amtnohexyl)acetamide]-NAD 1/4]; (3) reaction with bromine 
water to form the 8-bromo derivative (/5-/7J; (4) reaction with chloracetal- 
dehyde to form the l,,V°-ethenoadenine derivative |/#]; and (5) reaction with 
propiolactone to form the N*- and A^-2-carboxyethyl derivatives [19). 

Direct chemical modification of the pyridinium moiety of NAD has likewise 
led to the successful formation of coenzyme analogs. The Hofmann hypobrornite 
reaction with NAD was used to produce 3-aminopyridine adenine dinucleotide 
[20 J which could be diazotized with nitrous acid to 3rdiazopyridine adenine 
dinucleotide {20.2/). 3-Diazopyridine adenine dinucleotide was reacted with 
cuprous chloride, cuprous bromide and potassium iodide to synthesize (he 
3-chk>ropyridine, 3-bromopyridine, and 3-iodopyridine analogs, respectively 
122]. Diazotized 3-aminopyridine adenine dinucleotide was reported to react 
with several sulfhydryl compounds to produce 3-pyridyl thioether derivatives; 
however, the resulting pyridine nucleotide analogs were not isolated and charac- 
terized [21 ]. Thionicotinamide adenine dinucleotide |25] can be converted to the 
3-cyanopyridine derivative by treatment with silver nitrate [24]* 3-Diazoaceryl- 
pyridine adenine dinucleotide 125] was convened by reaction with JLaQ-HQ 
to 3-chloroacetylpyridine adenine dinucleotide |25]. Tetrabydronicotinamide 
adenine dinucleotide was prepared from NADH by catalytic reduction [26]. The 
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spin-labeled coenzyme analog, 3<4\4 / 4.\5'^tramethyl-3 '-oxide- l r -oxyI-2'- 
imidazolinyl)pyridine adenine duiucleotide was prepared by the reaction of 
pyridine-3-atdehyde adenine dinucleotide [27,28] with 2,3-dihydroxyamino- 
butane, followed by oxidation with lead dioxide (29), 

In addition to specific modification of the pyridine and adenine moieties of 
pyridine nucleotides, a number of new derivatives have been prepared through 
the chemical modification of other existing analogs. In this respect, nicotinamide 
6-thiopurine dinucleotide [30] was reacted with methylmercuric chloride to form 
nicotinamide 5-raethylmercuric thioinosine dinucleotide [J7J. Nicotinamide 
5-acetyl-4~roethyIimidazole dinucleotide was reacted with bromine to produce 
nicotinamide 5-bromoacetyl-4-irnidazole dinucleotide [32], 

There are a few examples of direct chemical modification of the ribose 
moieties of pyridine nucleotides. The adenine ribose of NAD has been modified 
by carbodiimide condensation of arylazido-/3-alanine with NAD to form the 
arylazido-0-alanyl ester of NAD [33). The nicotinamide ribose of NADP has 
been oxidized through periodate oxidation to form the 2\3'-dialdehydc which 
could be isolated by alcohol precipitation of the barium salt [34). 

B. Enzymatic Methods 

The major enzymatic method used for the preparation of pyridine nucleotide 
coenzyme analogs involves the transglycosidase activity of mammalian NAD 
glycohydrolases (N ADases). This enzyme-catalyzed transglycosidation reaction, 
frequently referred to as the pyridine base-exchange reaction, has historical sig- 
nificance since it was the preferred method of synthesis in the early studies of 
coenzyme analogs. Early studies [35 J6] of calf spleen NADase-catalyzed hy- 
drolysis of NAD suggested the reaction to proceed through the release of 
nicotinamide and the formation of an ADPR -enzyme intermediate as shown in 
Fig. I. The attack of water on the uncharacterized A DPR-enzy me intermediate 
completes the hydrolytic reaction with the formation of free enzyme and ADPR. 
Noncompetitive inhibition by nicotinamide in this reaction was observed to in- 
volve a competition between nicotinamide and water for the ADPR-enzyme 
intermediate leading to the reformation of NAD. If the reaction is carried out by 
incubating NAD t enzyme and u C-labeied nicotinamide, ,4 C-labe!ed NAD is 
formed [35,36]. Simple reversal of the reaction was ruled out since no labeled 
NAD could be produced by incubating the enzyme with ADPR and l4 C-labeled 
nicotinamide. These observations suggested the possibility that other pyridine 
bases raigbi also compete with water for the ADPR-enzyme intermediate, thus 
producing pyridine nucleotides containing pyridine bases other than 
nicotinamide. This was quietly verified by the demonstration that isonicotinic 
acid hydrazide functions in this transglycosidation reaction to form isonicotinic 
acid hydrazide adenine dinucleotide [37.38]. Pig brain NADase was also ob- 
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Fig. 1. Reactions catalyzed by NAD giycohydrolases. 



served to catalyze the transglycosidation and was -used for the preparation of the 
first pyridine-substituted coenzyme analog thai functioned in dehydrogenase 
reactions, 3-acetylpyridine adenine dinucleotide \39\. The importance of the 
mammalian NADase-catalyzed transglycosidation reaction is readily documented 
by the fact that the majority of the substituted pyridine and substituted nicotinamide 
analogs reported were prepared through this synthetic route. Several factors 
have been recognized to be important in the application of the transglycosidation 
reaction for the preparation of coenzyme analogs. Selective interactions between 
the pyridine base to be exchanged and an enzyme site appear necessary, since 
attempts to exchange nitrogen bases other than pyridine derivatives into dinu- 
cleotide form have been unsuccessful. Selective binding processes may be in- 
volved as evidenced by the higher yields of analog obtained with those bases 
showing a closer structural analogy to nicotinamide. Since the transglycosidation 
reaction requires a competition with water, pyridine derivatives with low ring 
nitrogen basicity [40] or limited water solubility can be expected to be relatively 
ineffective in promoting analog formation- Steric factors can also diminish the 
effectiveness of pyridine bases in the transglycosidation reaction. 3-Benzoyl- 
pyridine is considerably less effective than 3-acetylpyridine [25], and the forma- 
tion of 6-aminonicounamide adenine dinucleotide proceeds only with great diffi- 
culty leading to very low yields of this analog [41,421. 

The two enzymes most frequently employed for the preparation of pyridine 
nucleotide analogs through the pyridine base exchange reaction are calf spleen 
NADase and pig brain NADase. Both of these enzymes are membrane bound and 
for the most part, crude preparations of these enzymes were used in ihe synthetic 
processes. The membraneous environment of these enzymes was observed not to 
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be essentia] for transglycosidase activity since a number of mammalian NADases 
have been solubilized and demonstrated to retain this, activity [43-47]. In these 
studies, NADases purified lo high specific activities were demonstrated to still 
effectively catalyze the pyridine base^exchange reaction. Mechanistic studies of 
mammalian NADases have been hampered by the lability, of solubilized and 
purified forms of the enzyme. Substrate specificity studies of mammalian 
NADases [44.45 >48-50] have, however, demonstrated <hat a number of pyridine 
nucleotide analogs prepared through the transglycosidation reaction also serve as 
substrates in the hydrolytic reactions catalyzed by these enzymes. Therefore, in 
those cases where the analog being formed is also a substrate for the enzyme, 
prolonged incubation with the enzyme can serve to decrease the overall yield of 
the desired analog. This is especially true in the preparation of 3-acetylpyridine 
adenine dinucieotide as well as several other analogs having a close structural 
similarity to the natural substrate, NAD. In order to maximize the yield of analog 
formed in a transglycosidation reaction, it is advantageous to monitor the loss of 
NAD and the appearance- of analog. Such analyses have been successful when 
the analog being formed possesses unique properties differing from those of 
NAD. For example, 3-acetylpyridine adenine dinucieotide functions as a coen- 
zyme with yeast alcohol dehydrogenase and the reduced analog has an absorption 
maximum at 365 nm which differs from the 340 nm maximum characteristic of 
NADH, Therefore, the enzymatic conversion of NAD to the 3-acetylpyridine 
analog can be monitored spectrophotometricaliy through the yeast alcohol dehy- 
drogenase assay of samples from the incubation mixture. As shown in Fig. 2 (line 
1) 1 51 J, the 365-340 ratio should increase from an initial value of approximately 
0.6 and approach the theoretical value of 1 .4 for pure 3-acetylpyridine analog. 
The reaction can be terminated when the assay indicates that further incubation 
causes a decrease in the presence of analog (Fig. 2, line 3). This method can be 
used to determine whether or not a given NADase possesses transglycosidase 
activity. Bovine seminal fluid NADase purified to homogeneity [52] does not 
catalyze the transglycosidation reaction with 3-acetylpyridine [53], and as ex- 
pected, no change in the 365/340 ratio is observed upon incubation of NAD and 
3-acetylpyridine with this enzyme (Fig. 2, line 2). 

tn those cases where the pyridine nucleotide analog to be formed does not 
function as a coenzyme in debydrogenase-catalyzed reactions, a less effective 
method to monitor the reaction must be considered. The formation of the 
3-aminopyridine analogs of NAD and NADP can be monitored by measuring the 
330 run absorption characteristic of pyridinium derivatives of 3-aminopyridine 
[54 \. In a similar manner, the formation of isonicofinic acid hydrazide adenine 
dinucieotide can be followed by measuring the appearance of 385 nm absorbance 
of the analog under alkaline conditions [37.38\. If the analog has no distinguish- 
ing properties, one may be limited to monitoring only the disappearance of NAD. 
In most cases where the analog does not function as a coenzyme in deby- 
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Fig. 2. A comparison of the involvement of 3-acetytpyridine in reactions coutfyred by pig brain 
NADase and bull semen NADase. See text for explanation- From Yost and Anderson |5/J. 



drogenase reactions , it also does not function as a substrate for N ADase-catalyzed 
hydrolysis, and therefore monitoring of the analog formation is less important. 

Not all mammalian NADases catalyze a transglycosidation reaction. The 
bovine seminal fluid NADase has already been noted as one exception. The 
seminal fluid enzyme differs in many respects from other mammalian NADases 
155] in that it is a soluble, extracellular glycoprotein. However, the ability of 
mammalian NADases to catalyze the transglycosidarion reaction is not strictly 
related to whether or not the enzyme is soluble or membrane bound. The bovine 
erythrocyte NADase which is membrane bound and significantly influenced by 
membrane lipid phase transitions, does not catalyze the transglycosidation reac- 
tion with 3-acetylpyridine or K C-labeled nicotinamide [56]. A number of in- 
teresting NADases have been observed in various snake venoms {57^59). several 
of which have teen demonstrated to catalyze the transglycosidation reaction with 
pyridine bases to fonri pyridine nucleotide analogs 158]. The NADase from 
Bimgarus fasciatus 'venom has been extensively purified {5/], and due io a 
greater stability than that observed with purified mammalian NADases, should 
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provide an effective system to study the mechanism of transgiycosidase activity 
of NADaSes. 

A second and less frequently employed enzymatic method for the preparation 
of pyridine nucleotide analogs involves the condensation of pyridine 
mononucleotides with purine riboside triphosphates as catalyzed by NAD 
pyrophosphorylase 160]. Due to the specificity of this enzyme [67], this method 
has been applied predominantly for reactions of nicotinamide mononucleotide 
with nucleoside triphosphates containing nonpolar heterocyclic bases other than 
adenine. Several adenine-substituted analogs of NAD have been prepared using 
this procedure [61 -63}. 



IiL SPECIFIC MODIFICATIONS OF NAD 

The chemical and enzymatic procedures for the synthesis of pyridine nu- 
cleotide analogs have been used extensively to prepare analogs of NAD containing 
alterations in all major portions of the coenzyme molecule. Table 1 provides a 
listing of NAD analogs subdivided according to alterations in different pans of 
the coenzyme molecule and serves to exemplify the diversity of derivatives that 
have been prepared. Some disparity exists in the degree to which some of the 
derivatives listed have been chemically characterized. Those compounds show- 
ing interesting applications to biochemical research have been more extensively 
purified and most effectively characterized. Some, such as 3~acerylpyridine 
adenine dinuc Leo tide and thionicotin amide adenine dinucleotide have become 
essentially commonplace biochemical s and are commercially available. A 
number of other analogs with obvious applications to biochemical research have 
more recently become available commercially, a factor which has a profound 
effect on the studies of these compounds. A variety of reasons can be cited for the . 
preparation of the analogs listed in Table I. Some of the derivatives were to be 
used to study interactions at the coenzyme binding sites of dehydrogenases. 
Others were designed to investigate functional group involvement in hydride 
transfer reactions. Those derivatives containing spin-labeling groups, 
fluorophores and site- labeling groups have obvious applications for the study of 
pyridine nucleotide -requiring enzymes. Excluded from Table I are the isotopi- 
cally labeled derivatives of NAD and NAD analogs. A sampling of a number of 
excellent studies can be cited 1/56-/77] to provide information concerning the 
preparation and properties of isotopically labeled derivatives. Although Table I 
lists only analogs of NAD, in several cases where the analog has exhibited 
properties of importance to biochemical studies, the corresponding derivative of 
NADP has been prepared. In one case, the preparation of selenonicotinamide 
adenine dinucleotide phosphate was reported [J78] while the corresponding 
NAD analog was not. 
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2- and 6-Pyridones: 


106 


No 




3-caiboxamicJo-24ceto-1 ,2-dihydro- 








pyridine 






80 


Benzene 


107 


No 


81 


2-M(^yK34iydroxyethyl^-riitroitradazole 


108 


No 




(Flag)) 






C. 


Replacement of the ribose moiety 






82 


Perrtanol . 


$09 


No 


83 


Dideoxynbosc 


tiO 


Yes 


84 


Glucose 


Ul 


No 


Alterations io the adenylic acid moiety 






A. 


Substituted adenine 






85 


A'M2-hydroxyethyl) 


JS 


Yes 


85 


AM-<2-hytftoxyethyl) 


13 


Yes 


87 


N'-oxidc 


J 12 


Yes 


88 


/V '-(2-carboxyethyl) 


19 


Yes 


89 


A'^-carboxyeihyl) 


19 


Yes 


90 


A* 6 -( N-{ tf-aoyloyl- 1 -methpxycarbonyi-5- 


19 


Yes 




aminopentyl>propioamidc] . 




Yes 


91 


;V 0 -(6-amlnahexyl) 


1/3 


92 


/V e -(carboJi ymeihyl) 


14 


Yes 


93 


;V a - [//-(6-aminohexyl)aceumude] 


14 


Yes 


94 


8-Br 


75-/7 


Yes 


95 


8-(6-aminohexyi )amioo 


15.16 


Yes 


96 


8-SH 


91 


Yes 


97 


!,N e -etheno 


18 


Yes 


98 


A f *^2»2,6 f 6-teton^ylpiperidjii-4-yi-oxyl) 


114 


Yes 


99 


iV'-aroinocthyl 


115 


Yes 


100 


A' 6 -amtnoethyl 


115 


Yes 


101 


A? l -C&z — CH(OH) — CH- OH 


115 . . 


Yes 


102 


A ?c -CHj— CH(OHh-CH 2 OH 


115 


Yes 



(raitttnued) 
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TABLE I (Centwued) 
Analogs of HAD 



Compound 
'number 



Subsritucnt 



• Reference 



Enzymaticany 
active 



^ TABUS I {Continued) 

S&^Afii** NAI) 



; -Compound 
v number 



Substimeel 



101 




i t j 


TCS 






/M 
i / J 


i es 




• /V i — %jl\On ) — — v^rl 3 
O 


# I J 


jes 










6 




163 


107 




1 15 


I o 




O V-Xli CM l^H -. 

\ / 

O 












108 


A' °-CH CH(OH>— CH 0— (CH- ) <— 
O— CH 2 — CH-CH 2 
\ / 
O 


115 


Yes 


109 


#V '-CH 2 CH(OH)~ (CH , ) 4 — CH— CH— 
CH 2 — 0-CH*-CB=€Hi \ / 


1 15 


Yes 


110 


rV«-CH 8 CH(OH)— <CH . ) CH-Oi— 
CH 2 — O-CH-— CH-=CH- \ / 


as 


Yes 


111 


8-Azido 


116 


Yes 


112 


.V *-2-hydroxy-3-carboxypropyl 


117,113 


Yes 


113 


/V °-2-hydrox ybutyryipol ycthy lenci mine 


117,118 


Yes 


114 


8 — KH — CH, 


119 


Yes 


US 


8 — NH — C : H 5 


119 


Yes 


116 


8-N(CH 3 ), 


119 


Yes 


B. 


Replaccmem of the adenine ring 






117 


Hypoxan thine 


U 


Yes 


118 


6-Mcrcaptopurine 


30,61 


Yes 


119 


Uracil 


120-/22 


Yes 


120 


Cytokine 


1 22 J 23 


Yes 


121 


Nicotinamide 


5 J 20,122-124 


Yes 


122 


1 ,4-Dihydroniccunamide 


124 


Yes 


123 


Purine 


5.122J2S 


Yes 


124 


Benzimidazote 


125-127 


Yes 


125 


2-Chloro-6-inctb y Ipu ri oe 


125 


Yes 


126 


6- Metby (purine 


125 


Yes 


127 


3-Deazapurine 


m 


Yes 


128 


1 -Deazapurine 


126J27 


Yes 



129 6-Methylmcxcaptopurine 

130 Benzene 

131 5-lodoufacU 

[32 S-Methylmerctiiythicroositie 

133 4-Meihyl-5-ace4ylimidazo!e • 

134 4-^thyl^5^mace^limidazol 

135 Fprraycu 

136 Tubercidin 

137 3 JV ^-Elbenocytosine 

138 Thymine 

139 2- Ami nop urine 

140 7-Deazapurine 

141 Guanine 

C. Replacement of the nbose moiety 




%0: 



142 2-Deoxyribosc 

143 Methanol 
|44 Elhanol 

145 Propanoi 

146 Butanol 

147 L-Ribose 

148 Arylazido-/3-alanylribosc 

149 3-Deoxyribosc 

IB. Alteration in the pyrophosphate group 

150 Monomethyl ester 

151 Dimethyl ester 

152 Triphosphate 

IV. Multiple alterations 

153 3-Acetylpyridirm-hypoxanlhin 

1 54 Pyridine-3-aidehyde-hypox3ii! 

dioucieotide 

155 3-Carboxamido-4-{ l-ioiidazol 

hypo xanthine dinuclectide 
158 5-Acerylpyridinc riboside dip! 

157 Kicounamtde-thyroidyUitc din 

158 Nicotinamide riboside diphosj 

6-aminohexytadeuinc 

159 Adcru>sine-5'-diphospboryM 

tetrametby Ipipcridme- I -ox; 
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TABLE I {Continued) 



Reference 



Enzymatically 
active * 





115 


Yes 




US 


Yes 




US 


Yes 




US 


Yes 




115 


Yes 


a)< — 


//.> 


Yes 


H— 


//5 


Yes 


H— 


H5 


Yes 




116 


•Yes 




1/7,1 18 


Yes 




i 17 J 18 


Yes 




119. 


Yes 




119 


Yes 






Yes 




".A*-. ..' .'. :•' : ' 


Yes 




#>.67 ; 


Yes 




120-122 


Yes 




122.123 


Yes 




S.120J22-124 


Yes 




124 '\ 


- Yes 




5J22 t 125 . 


Yes 




125-127 . 


Yes 




12Sl i . 


Yes 




12S ; 


Yes 




«?.*-.■ 


Yes 




12SM7 - 


Yes 










site 



Analogs of NAD 


■ 

Compound 






- 

Enzymaiically 


number 


Suhstitucm 


Reference 


active 


129 


6-Methylmercapiopurine 


30 


Yes 


no 


Benzene 


m^+i ****** 

127-129 


Yes 


131 


5-lodourccil 


121 


Yes 


132 


S-Mctbylmercuiythioirosmc 


31 


Yes 


133 


4-Mgthyl-5-acetylimtd«7ole 


130 


Yes 


134 


4- Methyl- S-hromacelylimidazole 


32J31J32 


Yes 


13S 


Formycin 


62.63 


Yes 


136 


Tvbercidin 


63 


Yes 


137 


3,A M -Eihettocywsioe 


133 


Yes 


138 


Thymine 


122 


Yes 


139 


2-Arranopurtnc 


62 


Yes 


140 


7-Deazapurine * 


62 


Yes 


14] 


Guanine 


61.134 


Yes 


C Replacement of the rihose moiety 






142 


2-Dcoxyribose 


120 J 35 


Yes 


143 


Methanol 


136 


Yes 


144 


Ethanol 


136 


Yes 


145 


Propano! 


136 


Yes 


146 


Buianol 


136 


Yes 


147 


L-Ribose 


137 


Yes 


148 


Arylazldo^^alasylnbosc 


33J38 


Yes 


149 


3-Deoxyribose 


OJ 


ICS 


111, Alteration in the pyrophosphate group 






150 


Manom ethyl ester 


139 


No 


151 


Dimethyl ester 


139 


No 


152 


Triphosphate 


120 


— 


IV. Multiple alterations 






153 


3-Acetylpyridine^poxanthine 


140,141 


Yes 


IS4 


f^dineO^diyde-hypoxanlhirte- 


140.141 


Yes 




dinucJeotidc 






155 


3-Cartxwcamido-4-{ 1 -irmdazolyOpyridioe- 


87 


No 




hypox an thine dtnocleotide 






158 


3-Acetylpyridine riboside diphosphoribose 


123 


Yes 


157 


Nicotinamide- thymklylatf dinuclcolide 


120 




158 


Nicotinamide riboside diphospbate-9-buryl - 


142 


. Yes 




6-aminohexyiademne 






159 


Adenosine-5 '-diphospbcryl-4-{2 ,2 1 6 1 6- 


143 


No 




tctramethylpiperidiae-l-oxvl) 
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TABLE ! {Continued) 
Analogs of NAD 



Compound 






Enzymatically 


number 


Substitucni 


. Reference 


active 


160 


6^Mcthylihtopurine-CH-— (CONH— 


144 


No 




CH t ) — CH-~nicotinajTude 






161 


6>Melhy 1 thiopurine-€H 2 — (CON H— 


144 


No 




CH. ) 2 — CH^-Gtcotiaamide 






162 


6-McCbytthiopurinc-CH. — Ct\ 2 — 


144 


No 




{CONH — CH S ) — ^^nicotinamide 






163 


4(3-Broim)^ct>1pyridttuo)butyldiphospbo- 


145 


Yes 




adcnoslne 






164 


4<3-Aceiylpyridinio)bat)idiphospho- 


145J46 


Yes 




adenosine 






165 


3(3-Bromoacetytpyridinio)pfopyl' 


147 


No 




diphosphoadenosine 






166 


3(4-Brorooacerylpyridimo)propyl- 


m 


No 




diphosphoadeoosine 






167 


3(4-Acetylpyridim0)prapyltHphcspho- 




No 




odenosioe 






168 


3<3-Acctylpyridimo)propyldiphospho- 


145J46 


No 




adenosjue 






169 


3(2-Accty|pyridinio)propyIdiphospho- 


149 


No 




adeoosmc 






170 


3(2 -Btomoacety lpyridinio)propyl- 


(49 


No 




diphosphoadenosine 






171 


2-0-Acetylp)Tidinio)ethytdrphospho- 


J46 


No 




adenosine 






172 


5-(3- Acct ylpyridi nio)pcniy Uiiphos ph o- 


146 


Yes 




odenosine 






173 


6X3-Acefytpyridinio)hcxyldiphospbo- 


146 


No 




adenosine 






174 


Nicotinamide riboside-°~cchyl-6-trifliior- 


142 


Yes 




acetyl -aminohcxyiademne 






175 


N icotioamide riboside- 5 ' -diphosphoryl- 


150 


No 




riboflavin 






176 


Nicotinamide riboside- 5 '-diphospboryl- 


150 


No 




thiamin 






177 


Thkraicolinamide xanthine di nucleoli de 


151 


Yes 


V. Miscellaneous Derivatives 






178 


a-Nicottnamide-^-adcnine dicuclcotide 


152 


No 


179 


^Nicoiinamidc-or-adcninc dinucleotide 


153 


Yes 


180 


Nicotinamide raoimuclewide-3-iso-AMP 


154 


Yes 


131 


I ,iV s -citenoadenostnc-5 , -dipbos{*aic 


i55 


No 




4-(2.2 ,6,6-tetraioeaiy Ipiperidine- 1-oxyl ) 







m 
■if 



Many of the pyridine nucleotide analc 
^ftinction as coenzymes in dehydrogena* 
pr. dons. The notation "enzymaticaliy activ 
^question has been demonstrated to functi 
sgS^tfon. Any derivative experimentally obsej 
P a dehydrogenase reaction is listed as not c 
§H$if these cases, an exhaustive investigate 
mis performed. A cursory inspection of TabU 
*|Rlng of pyridine nucleotides as coenzymt 
less affected by alterations in the purine \ 
^jf the molecule. In fact, all 64 derivative? 
jfeiadenosine portion of the NAD molecu! 
lit coenzymatically in at least one dehydroj 



PROPERTIES OF COENZYME AN/ 



^?'A. Spectral Properties 

The absorbance spectrum of NAD exh 
which reflects the combined absorba 
20 nicotinamide and adenine minus a smal 
?vi tions in either of the heterocyclic base 
f absorbance maxima. This is readily 
£ nicotinamide ring has been convened tc 
|p second absorbance maximum at 340 nn 
oxidized dinucleotidc derivatives when 
tjf Ciucotinamide or adenine differ spectrally 
^chosen examples are listed in Table II. " 
•^^vW^ t ' :ine from substitution in the adenin 

TABLE II 

^&?.iih$ 'l Spectra! Pr 



I Properties of Selected Pyridine Nude 



NAD analog 

Nicotinamide 2-ainim)ptirirtc dinucleotidc 
Nicotinamide 8-azidoadenine dinucleotide 
Nicotinamide l-dcazapurinc ditmclctrfide 
3-Araioopyridine adenine dinucleotidc 
3-Dia/oacetylpyridit»e adenine dimiclcctide 
S-Antinomcutinamide adenine dinu denude 
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Many of the pyridine nucleotide analogs listed in Table I were observed to 
function as coenzymes in dehydrogenase -catalyzed oxidation -reduction reac- 
tions. The notation "enzymatically active" simply indicates that the analog in 
.question has been demonstrated to function in at least one dehydrogenase reac- 
tion. Any derivative experimentally observed not to be enzymatically reduced in 
a dehydrogenase reaction is listed as not enzymatically active. However, in most 
<>f these cases, an exhaustive investigation of dehydrogenase reactions was not 
performed. A cursory inspection of Table I will reveal the fact that the function- 
ing of pyridine nucleotides as coenzymes in dehydrogenase reactions is much 
less affected by alterations in the purine moiety than in the pyridinium region of 
the molecule. In fact, all 64 derivatives listed as containing alterations in the 
adenosine portion of the NAD molecule have been demonstrated to function 
coenzymatically in at least one dehydrogenase-catalyzed reaction. 



IV. PROPERTIES OF COENZYME ANALOGS 

A. Spectral Properties 

The absorbance spectrum of NAD exhibits an absorbance maximum at 259 nm 
which reflects the combined absorbances of the two heterocyclic bases, 
nicotinamide and adenine minus a small hypochromic effect. Structural altera- 
tions in either of the heterocyclic bases can result in the appearance of new 
absorbance maxima. This is readily exemplified by NADH in which the 
nicotinamide ring has been converted to 1 ,4-dihydronicotinaraide resulting in a 
second absorbance maximum at 340 nm. Spectral changes are also observed in 
oxidized dinucleotide derivatives when the chromophore substituted for either 
nicotinamide or adenine differ spectrally from the natural bases. A few randomly 
chosen examples are listed in Table II. The second absorbance maximum result- 
ing from substitution in the adenine or nicotinamide portions of these 

TABLE II 



Spectral Properties of Selected Pyridine Nucleotide Analogs 




Absorption maxima 




NAD analog 


(nm) 


Reference 


Nicotinamide 2-amutopurine dinucleotide 


265, 305 


62 


Nicotinamide 8-azidoadeninc dimiclcotide 


264, 274 


116 


Nicotinamide J -dcazapurioe dinucleotide 


242 , 275 


m 


3-Aminopyridme adenine dinucleotide 


257, 33) 


20 


3-Diazoacetylpyridinc adenine dinucleotide 


258-5, 307 


25 


5- Aminonicoti nam ide adenine dinucleotide 


260, 348 


40 
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dmucleoddes can be used as a means of identifying these derivatives. In tbe case : 
o£ 3-aminopyridine adenine dinucleotide, the free base, 3-aminopyridine, does " 
not absorb maximally at 331 om and therefore, the appearance of absorbance at ■ 
this wavelength with time can be used to monitor the Tate of formation of this 
analog. Since 3-aminopyridine is an effective substrate in the NAD- 
transglycosidation reaction catalyzed by several different NADases, the spectral 
difference between the free base and the pyridinium form in the analog provides a 
direct spectrophotometric method for studying transglycosidation reactions with 
purified NADases. 

A number of the NAD analogs listed in Table I contain nicotinamide or a 
pyridine base having an oxidation -reduction potential similar to that of 
nicotinamide to the pyridinium form. Differences in tbe spectral properties of the 
reduced forms of these analogs occur mainly in those compounds containing 
pyridine bases other than nicotinamide. Those analogs containing nicotinamide 
and altered only in the purine moiety, upon reduction, exhibit a second absor- 
bance maximum very close to the 340 nro maximum observed with NADH. The 
reduction of analogs containing pyridine bases other than nicotinamide can result 
in hew absorbance maxima quite different from NADH. in this respect the 
second absorbance maxima for the reduced analogs containing 3-acetyipyridine, 
thionicotinaroide, 3-pyridylacryiamide, and 3-chloroacetylpyridine occur at 365 
nm, 398 nm, 385 nm, and 374.5 ntn, respectively [23,25,27]. These derivatives 
are cited merely as examples of reduced analogs having spectral properties differ- 
ing from NADH. A number of other pyridine -substituted analogs listed in Table I 
have also been demonstrated to differ spectrally from NADH in their reduced 
forms. These derivatives have important applications to studies of dehydrogenases - 
They provide alternate means of assaying dehydrogenases in the presence of sub- 
stances absorbing sufficiently at 340 nm to interfere with the monitoring of NADH. 
formation. For example, in order to evaluate the coei^yme^ornpetitive inhibition 
. of chicken liver 3-phasphoglycerate dehydrogenase by 3-arainopyridine adenine 
dinucleotide which absorbs at 331 nm, initial velocities of the reduction of 
3-acetylpyridine adenine dinucleotide were measured at 365 nm avoiding the 
spectral interference by the inhibitor at 340 mm 1/79]. In this respect, 3-acetyl- 
pyridine adenine dinucleotide and thionicotinamide adenine dinucleotide have 
been substituted for the native coenzyme in a number of studies in order to 
provide a more accurate measurement of initial velocities in dehydrogenase - 
catalyzed reactions. 

Several NAD analogs have been prepared which contain fluorescing 
heterocyclic bases in either the pyridine or purine portion of the dinucleotide 
molecule. A few of the more frequently cited fluorescing analogs are listed in 
Table Ul. The fluorescence of the fluorophores of these oxidized dinucleotides 
has been observed to be significantly quenched through intramolecular ring-ring 
interactions. Spectroscopic studies of several of these fluorescing analogs indi- 



^vTABLElll 

Siluorcscem Properties of Selected NAD Analogs 



Analog 



Nicotinamide 2-aminopurine dimicleoiide 
' -Nicotinamide 7-deaiapuriitc dinucleotide 
Nicotinamide formycin dinucleotide 
Nicotinamide J > r8 -e*henoadenine dinucleotide 
5-Aminonicotinainide adenine dinucleotide 
3i-Aminopyridine adenine dinucleotide 




^^^Pfecaie the quenching of fluorescence to b 
^folded conformations of these c 
WQ20.40,62J33.1 70, 180-184]. Processes 
these dinucleotides result in significant 
:sp ^ r from 3- to 13-fold in these derivatives. 
>?M&yj \5-aminonicounarnide and 3-aminopyridi 
r ^>^^ tic repulsion of positively charged hctero 
cence enhancement that can be used t« 
process. Hydrolysis of the fluorescing ai 
.NADases or pyrophosphatases likewis 
ife^hich has been helpful in developing f: 



JjP B. Oxidation-Reduction Properties 

NAD analoes substituted only in the 
oxidation-reduction potentials very c 
Oxidation-reduction potentials differin: 
: ^^ V " : in analogs altered in the NMN portion 
altered in the pyridinium ribose moiety 
If^lf^ from NAD in oxidation-reduction pot 
>*..-^,-;-. rocasuremem 0 r cyanide adduct dissoci; 

effects are observed when the elcctroni 
of the pyridine ring is changed. For < 
carbonyl analogs. 3-acetylpyridine adei 
adenine dinucleotide. exhibit equilib 
drogenase reactions 200 times greatej 
indicating an oxidation -reduction pote 
uiV for NAD | I86J87]- An El of -2 
riurn studies for the 3-benzoylpyridin 
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TABLE TO 

fluorescent Properties of Selected NAD Analogs 



cate the quenching of fluorescence to be related to the presence of stacked or 
folded conformations of these dinucleotides in aqueous solution 
120,40.62,133, 170,180-1841 Processes that disrupt the folded conformations of 
these dinucleotides result in significant enhancement of fluorescence varying 
from 3- to 13-fold in these derivatives. Protonation of the adenine ring of the 
5-aminonicotinamide and 3-aminopyridine analogs [20,40] results in electrosta- 
tic repulsion of positively charged heterocyclic bases with a concomitant fluores- 
cence enhancement that can be used to evaluate the pK* of this protonation 
process. Hydrolysis of the fluorescing analogs listed in Table HI as catalyzed by 
NADases or pyrophosphatases likewise results in fluorescence enhancement 
which has been helpful in developing fluori metric assays for these enzymes. 

B. Oxidation -Reduction Properties 

NAD analogs substituted only in the adenine portion of the molecule exhibit 
oxidation -reduction potentials very close to that observed for NAD itself. 
Oxidation-reduction potentials difTering from that of NAD have been observed 
in analogs altered in the NMH portion of the molecule. A number of analogs 
altered in the pyridinium ribose moiety have been demonstrated to differ slightly 
from NAD in oxidation -reduction potential [4,109,111,145] as estimated. by 
measurement of cyanide adduct dissociation constants [185]. As expected, larger 
effects are observed when the electronic character of the group in the 3-positibn 
of the pyridine ring is changed. For example, the more electron -.withdrawing 
carbonyl analogs, 3-acetylpyridine adenine dinucleotide and pyridine-3-aldehyde 
adenine dinucleotide, exhibit equilibrium constants for reduction in deny- ' 
drogenase reactions 200 times greater than mat observed with NAD [27,28] 
indicating an oxidation -reduction potential of -248 mV as compared to -320 
mY for AD [186,187]. Asi £' G of -248 mV was also obtained through equilib- 
rium studies for the 3-benzoylpyridine and 3-isobutyrylpyridine analogs 1 64]. 





Excitation 


Emission 




I 




wavelength 


wavelength 




I 


Analog 


(nm) 


(nm) 


Reference 


'! 


Nicotinamide 2-arabopuriDC dinucleotide 


310 


370 


62 


• -i 


Nicotinamide 7-deazaparine dinucleotide 


290 


. 400 


<S2 


■ 


Nicotinamide fonrvycin dinucleotide 


295 


340 


62 


;fi 


Nicotinamide 1 *A"^ibcaaadentne dinucleotide 


305 


410 


18 




5- Ami nonicolinamide adenine dinucleotide 


348 


445 


40 




3-Aminopyridine adenine dinucleotide 


331 


420 


20 


i. 
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The less electron- withdrawing thionicotinamide analog exhibited an E$ of -285; : 
mV while the greater electron-withdrawing 3-cyanopyridine analog was even 
more favorably reduced than the carbonyl derivatives [24). in contrast, NAD 
analogs containing pyridine, 0-picoline or 3-methylpyridyl carbinol not having 
electron-wttbdrawing substttuents are not reduced enzymattcally or chemically 
with dithionite and do hot react to form addition products in the 4-posttion of the' 
pyridine ring [27). The vinyl analog of NAD, 3-pyridylacrylamide adenine 
dinuclebtide. Was reduced chemically with dithionite but did not serve as a 
coenzyme for a number of dehydrogenases tested [64]. This analog did serve as 
an acceptor molecule in the pig heart NADH diaphorase reaction from which an 
E'o of —347 mV was determined. Equilibrium studies of diaphorase reactions can 
provide a means of determining oxidation -reduction potentials, for analogs not 
functional in dehydrogenase -catalyzed reactions. 



V. APPLICATIONS 

A. Enzymatic Reactions 

In considering the functioning of NAD analogs with dehydrogenases and other 
pyridine nucleoli de-requiring enzymes, it is advantageous to distinguish between 
analog -enzyme interactions that result in successful catalytic processes and those 
interactions that although selective, lead solely to competitive inhibition. In both 
cases information can be gained concerning selective interactions between en- 
zyme functional groups and the dinucleotide molecule. A number of excellent . 
reviews [4,188,189] have discussed the functioning of coenzyme analogs with 
dehydrogenases. Early studies concentrated upon the question of which groups of 
the NAD. molecule were essential for the functioning of NAD as a coenzyme in 
dehydrogenase-catalyzed reactions. As noted above and indicated by the listing 
in Table I, the AMP portion of NAD can be drastically altered without the total 
Joss of coenzyme function in dehydrogenase reactions. The functioning of a large 
number of coenzyme analogs modified in the purine portion of the molecule as 
measured in reactions catalyzed by horse liver alcohol dehydrogenase, yeast 
alcohol dehydrogenase, and pig heart lactate dehydrogenase has been described 
by Woenckhaus [4 J. The substitution of the adenine by a variety of aromatic 
derivatives gives rise to variations in both K m and P max values; however, in 
general, appreciable coenzyme activity was observed in each case. These var- 
iations in kinetic parameters document an importance for the adenine ring in the 
functioning of NAD in dehydrogenase reactions; however, if one completely 
removes the adenine ring as in nicotinamide riboside-5 , -pyrophosphate-5' , -ribose 
1/2JJ, the molecule still functions with the three enzymes mentioned above. The 
effectiveness of this derivative as a coenzyme is drastically reduced, and consid- 
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•exabiy lower V max values and higher K m values are observed in each case. The 
vide variety of aromatic residues that can be substituted for adenine with reten- 
i' * tion of coenzyme activity is consistent with the presence of hydrophobic regions 
' $n dehydrogenases, observed through X-ray crystailographic studies, that interact 
^ : ~with the adenine moiety of NAD in stabilizing binary complexes. These regions 
v -can vary in size and composition from one dehydrogenase to another and specific 
r effects resulting from modification of different pans of the adenine ring can 
likewise vary. Although the AMP portion of NAD is frequently referred to as the 
^nonfunctional part of the coenzyme, the proper orientation of this moiety on the 
'^izyme can be required for full activity [62.I2l.J54]. in addition to modifica- 
tion of the adenine ring itself, modification of the adenine rihose can also inter- 
' fere with the proper orientation of the NAD molecule. Subadolnik ct al. \63] 
have reported such effects in the functioning of 2'- and 3'-deoxy-NAD. 

Modifications of the functional NMN portion of the coenzyme molecule, as 
expected, have greater effects on the coenzyme functioning of the molecule. Of 
the SI derivatives listed in Table 1 containing alterations solely in the pyridinium 
moiety, only 16 have been demonstrated to be reduced in dehydrogenase - 
catalyzed reactions. Since most of the coenzymatically active analogs contain a 
carbonyl function in the 3 -position of the pyridine ring, it was speculated from 
early studies that a 3-posiiion carbon double bonded lo oxygen, sulfur, or nitro- 
gen was an absolute requirement for functioning in dehydrogenase reactions. The 
coenzymatic functioning of the 3-cyanopyridine analog [26] does not represent a 
major exception to this concept; however, recent observations 122) thai 
3-hak>pyridine analogs of NAD are reduced enzymatically do require considera- 
tion of other factors. Presumably, 3-position groups with electron -withdrawing 
power sufficient to activate the 4-position of the pyridine ring can result in 
coenzymatically active analogs. In studies of the 3-chioro-, 3-bromo-, and 
3-iodopyridine analogs, Abdailah er al. [22] demonstrated that the reduced 
forms of these analogs do not exhibit the usual absprbance maxima in the 300 nm 
region. The appearance of such maxima has been used routinely to demonstrate 
the functioning of NAD analogs in dehydrogenase reactions. These authors clev- 
erly demonstrated the functioning of the 3-halopyridine derivatives with horse 
liver alcohol dehydrogenase by using cinnaroyl alcohol as substrate and monitor- 
ing the formation of cinnamaldehyde which exhibits a high absorbance at 290 nm 
[190, 19!]. This method provides a sensitive tool for investigating the function- 
ing of NAD analogs which upon reduction would not be expected to exhibit 
characteristic spectral changes. 

The fact that pyridine nucleotide analogs substituted with more highly 
electroo- withdrawing groups in the 3-position of the pyridinium ring exhibit a 
more negative oxidation -reduction potential than that of NAD, can be a distinct 
advantage in the study of dehydrogenase-catalyzed reactions. The equilibria of 
dehydrogenation reactions involving such analogs are shifted in favor of the 
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formation of. oxidized substrate, dins producing at. any given pH increased 
amounts of the reduced pyridine nucleotide which is normally used to monitor 
the reaction spectrophotometrically. In a recent study of a secondary isotope 
effects in yeast alcohol dehydrogenase reactions, Welsh es al, [192] used 
3-aeerylpyridine adenine dinucleotide as the coenzyme to provide -a greater per- 
cent conversion of alcohol to aldehyde at equilibrium. Previous studies 
1 193 J 94} had demonstrated thai the use of this analog favored aldehyde produc- 
tion by two orders of magnitude. .*.■.* 

Some of the applications of NAD analogs based on differing spectral prop- 
erties have beert noted. Levy and Daouk [J 95) recently reported a new applica- 
tion for the thionicotinamide analogs of NAD and NADP. These authors de- 
scribed a method for the simultaneous assay of NAD- and NADP-linked reac- 
tions of dehydrogenases which can utilize both coenzymes. Leuconostoc mesen- 
teroides glucose-6-phospbate dehydrogenase exhibits a dual coenzyme speci- 
ficity reacting with either NAD or NADP. The two distinct coenzyme reactions 
were reported to be catalyzed by two different isomers of the enzyme existing in 
equilibrium [196], Levy and Daouk [195] demonstrated that assay mixtures 
containing both NAD and thionicotinamide adenine dinucleotide phosphate (or 
thionicotinamide adenine dinucleotide and NADP) could be used to simultane- 
ously measure both coenzyme reactions by monitoring the reduction of the 
dinucleotides at both 340 and 400 nm. Using this method, these authors demon- 
strated that increasing the concentration of substrate, glucose 6-phosphate, pro- 
moted the NAD-linked reaction relative to the NADP-linked reaction. This phe- 
nomenon was not observed in the conventional single coenzyme assays of the 
enzyme. The authors discuss these observations in relation to in vivo regulation 
of this enzyme with respect to the catabolic and anabolic roles of NAD and 
NADP, respectively, in this organism. They further suggest that the dual 
wavelength assay should be applicable to the study of many other dehy- 
drogenases exhibiting dual coenzyme specificity-. 

NAD analogs containing a second substiruent on the nicotinamide ring have 
been observed to be inactive as coenzymes in dehydrogenase reactions. Ques- 
tions have been raised as to whether or not the inactivity of these derivatives 
should be attributed to steric effects or changes in oxidation -reduction potential, 
in studies of rhe 5-methylnicotinamide and 5-amirtonicotinarnide analogs of 
NAD, Walter and Kaplan [40] concluded that steric effects predominated in the 
inactivity of these analogs as coenzymes. More recently, Trommer et al. [96] 
prepared 5-carboxynicotinamide adenine dinucleotide and demonstrated the 
oxidation-reduction potential of this analog to be -262 raV. Being more elec- 
tropositive than NAD, the analog could be expected to be reduced in dehy- 
drogenase reactions. When tested with three different dehydrogenases no reduc- 
tion of the 5-carboxynicotinamide analog was observed. Since coenzyme - 
competirive inhibition was observed with this compound, the inactivity as a 
coenzyme was attributed predominantly to steric interactions. 
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Modification of the nicotinamide ribose of NAD has been demonstrated to 
affect both the oxidation-reduction potential of the pyridinium ring and the 
. proper orientation of the coenzyme in binding to dehydrogenases 14). The sub- 
stitution of this ribose by glucose results in an analog that does not function with 
dehydrogenases | ///]. Aliphatic groups of varying chain length have been sub- 
stituted for ribose in the coenzymarically active 3-acetylpyridine adenine 
^nucleotide [145,146]. The importance of the distance between the acetyl- 
pyridine ring and the pyrophosphate moiety is indicated by the fact that the butyl 
and pentyj derivatives functioned in dehydrogenase reactions while the ethyl, 
propyl, and hexyl derivatives did not {145. 146.197], 

There are a large number of studies in which NAD analogs have been used to 
investigate binding processes of dehydrogenases and other pyridine nucleotide- 
scquiring enzymes. Binding properties have been determined kinetically through 
inhibitor analysis and more directly through a number of techniques such as spin 
labeling, fluorescence titration, and X-ray crystallography. One such study that 
exemplifies the use of NAD analogs to investigate binding processes is a study of 
octopine dehydrogenase by Olomucki et al. [198\. These authors studied the 
interaction of this enzyme with 21 NAD analogs plus fragments of the NAD 
molecule, AMP, A DP, and ADP-ribose. These studies were designed to deter- 
mine which part of die coenzyme molecule was essential for correct positioning 
on octopine dehydrogenase and to elucidate properties of the coenzyme binding 
site of this enzyme. It was observed that substitution at the N-l, N-6, or N~8 
positions of the adenine ring did not interfere with normal binding to the enzyme 
and the results obtained were consistent with earlier fluorimetric studies [199] 
which indicated nonpolar interactions to be important in the binding of the 
adenine moiety. A comparison of the binding of AMP, ADP, and ADP-ribose 
indicated that interactions with the pyrophosphate group and the nicotinamide 
ribose were also important in the overall coenzyme binding process. Studies of 
the binding of analogs altered in the pyridinium moiety demonstrated a need for 
hydrogen bonding between the group in the 3-position of the ring and protein 
side -chain groups. Larger substituents in the 3-position of the pyridine ring such 
as tbioamide, propionyU and chloracetyl decreased the effectiveness of binding. 
The presence of the methyl group in the 4-methylnicotinamide and 
5-methylnicotinamide analogs did not prevent binary complex formation but did 
create sufficient steric hindrance to prevent the formation of ternary complexes. 
This application of coenzyme analogs provided considerable information -con- 
cerning the orientation and interactions of coenzyme and substrate at the catalytic 
site of this enzyme. ■ = ' " 

Fluorescing coenzyme analogs add another dimension to the studies of coen- 
zyme binding to dehydrogenases. The fluorescence of analogs containing 
fluorescing derivatives in place of nicotinamide or adenine has been demon- 
strated to be partially quenched through intramolecular interactions in the folded 
conformations of these molecules. A number of studies {169.179 JSi ,182, 
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200-205} can be cited to indicate that the fluorescing analogs, nicotinamide- \ % 
tf 6 -ethenoadfmine dmucleotide (c-NAD), 3-aminopyridine adenine dinucleotide 
and the native coenzyme exist to a degree in a folded conformation in aqueous 
solutions. Any process that results in. a shift in the conformational equilibrium: 
would in tiie case of the fluorescing analogs be accompanied by an enhancement 
of fluorescence. In studies of die interactions of *-NAD with dehydrogenases 
[179,183 ;199205-209] fluorescence enhancement on binding has been observed. 
Luisi et aL [183 J have reported a 10- to 13-fold enhancement of fluorescence on 
the binding of €-NAD to several different dehydrogenases. These authors inter- 
preted the fluorescence enhancement to indicate the binding of e-NAD in an open 
conformation on alt of the enzymes studied. This argument was based on the fact 
that the degree of fluorescence enhancement was essentially the same with each 
enzyme studied and essentially the same as that observed on hydrolysis of the 
e-NAD molecule catalyzed by snake venom phosphodiesterase. An explanation 
based on environmental effects related to the binding of the ethenoadenine moiety 
in a hydrophobic region was considered less likely due to the large degree of 
fluorescence enhancement and the fact that the fluorescence of 5 '-€- AMP was 
observed to be relatively insensitive to changes in rxydrophobicity. Thus, the fluo- 
rescence of both free and bound coenzyme analogs can be used to investigate the 
interactions that take place at coenzyme binding sites. Gafhi [210] has reported 
the use of iodide and other small molecules to study the quenching of fluorescence 
of e-NAD bound to dehydrogenases as a means of investigating the accessibility 
of coenzyme binding sites to the external solvent. The literature concerning spec- 
tral changes on the binding of coenzymes and coenzyme analogs to enzymes is 
quite extensive. One of the many studies available that might be cited as related to 
the above discussion of conformation of bound coenzyme is that reported by 
Woenckhaus and Scherr [121]. These authors demonstrated through spectral 
studies that the reduced nicotinamide iodouracil dinucleotide was bound to lactate 
and alcohol dehydrogenases in an unfolded conformation. 

Coenzyme analogs have been very useful in studies of pyridine nucleotide 
transhydrogenases. Since the extinction coefficients at 340 nm for NADPH and 
NADH are essentially the same, the reversible reaction of NADPH with NAD to 
form NADP and NADH would not result in a significant change in absorption at 
340 nm. Stein et al. [211] reported the application of the 3-acetvlpyridine 
analogs of NAD and NADP for spectrophotometry studies of these reactions. 
Since reduced 3-acetylpyridine adenine dinucleotide absorbs maximally at 365 
nm with a slightly higher extinction coefficient than that of NADH at 340 nm 
127/, 212 j. the reduction of 3-acetylpyridine adenine dinucleotide by NADPH 
can be readily followed spectrophoto metric ally. This reduction is usually fol- 
lowed at 375 nm where no contribution from NADPH occurs. This method has 
been used to study a variety of transhydrogenases and can be exemplified by 
studies of the transhydrogenase activity of submitochondrial particles [213,214], 
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The demonstration of a 400 nm absorb an cc maximum for the reduced forms of 
ihe thtonicotin amide analogs of NAD and NADP |66\o°], suggested the use of 
these derivatives also for the assay of transhydrcmenase activity. Cohen and 
Kaplan [215 J have demonstrated the application of these analogs for the study of 
transhydrogenase -catalyzed reactions and this method has been used for a 
.number of transhydrogenase studies 1 276-2/9 j. In certain cases, as in the study 
of azotohaeter transhydrogenase 1220). the 3-aceiylpyndine analogs were inac- 
tive and the thionicotinamide analogs had to be used. Moroff ct a!. \221] used 
thionicotinamide adenine dinucleotide phosphate to demonstrate and study the 
transhydrogenase activity of yeast glutathione reductase. 

Pyridine nucleotide analogs have also been used successfully to study the 
properties of other pyridine nucleotide-requirine enzymes. For example, Schuber 
<7 aL \50] utilized a number of pyridine-substituted NAD analogs in a study of 
the mechanism of action of solubilized calf spleen NAD glycohydxoiase. 
; Through such studies this enzyme was demonstrated to be specific for analogs 
possessing a carbonyl function at the 3-position of the pyridine ring. These 
authors report no correlation between the rate of hydrolysis and the pK' Q of the 
resulting pyridine base and discuss these observations with respect to the rate- 
limiting step of the catalyzed reaction. 

The hydrolysis of pyridine nucleotide coenzymes as catalyzed by NAD 
glycohydrolases. nucleotide pyrophosphatases, and phosphodiesterases can be 
conveniently monitored fluori me trie ally by employing a fluorescing analog as 
substrate. The bond -breaking processes catalyzed by these enzymes result in an 
enhancement of fluorescence due to the release of intramolecular fluorescence 
quenching interactions. Nicotinamide 1 jA^-ethenoadenine dinucleotide serves as 
a substrate for bovine seminal fluid nucleotide pyrophosphatase and the A' m value 
for this compound measured fluori metrically did not differ from that measured 
titri metrically 1222]. 3-Aminopyridine adenine dinucleotide also functions as a 
substrate for this enzyme and either of these two fluorescing analogs can be used 
to assay low concentrations of the enzyme. In addition to providing more sensi- 
tive assay procedures, other advantages in using fluorescing analogs can be cited. 
In studies comparing the properties of NAD glycohydxoiase activity in intact 
erythrocytes to those in erythrocyte ghosts, the normally employed titri metric 
assay proved unsuccessful due to the release of metabolites from the intact cells 
156.225]. Since nicotinamide hA^ -ethenoadenine dinucleotide is an excellent 
substrate for this enzyme, the comparison of properties was achieved using 
fluorescence techniques. The fact that the ethenoadenine analog behaves much 
the same as NAD in most systems makes this compound a good candidate for 
studies of other pyridine nucleotide reactions such as ADP-rihosylaiion. In a 
recent study of human glucose -6-phosphate dehydrogenase |224j. nicotinamide 
1 ,A ?fi -ethcnoadenine dinucleotide phosphate was used to demonstrate fluorimetri- 
cally the tight binding of phospho-ADP-ribose to the enzyme. Since 
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3-aminopyridine adenine dinucieotide does not appear to function as a substrate - 
with NAD glycohydrolases, an enzyme-catalyzed enhancement of fluorescence 
with this analog can serve to indicate bond breakage at other than the pyridine 
ribosidic linkage. 

B. Site-Labeling Studies 

Site labeling or affinity labeling has been used successfully for many years as 
an experimental tool for the covalent modification of functional groups of amino 
acid residues located in or nearby the active sites of enzymes. This experimental 
approach 1 225 J involves the incorporation of chemically reactive groups into 
compounds structurally analogous to substrates or cofactors of a given enzyme. 
Selective binding of these compounds to enzyme sites directs the covalent 
modification process to those functional groups on the enzyme existing in or 
nearby the site involved. Enzyme functional groups identified in this fashion are 
thought to be those involved in the binding or catalytic processes of the enzyme. 
Site-labeling reagents have been developed which contain functional groups 
capable of a variety of reactions such as alky lat ion, azo coupling. Schiff-base 
formation and photochemical reactions. 

A number of NAD and NADP analogs have been synthesized for the specific 
application of the site-labeling of dehydrogenases and other pyridine nucleotide- 
requtring enzymes. Due to the oature of the reactive group incorporated into 
these analogs, selective modification of specific enzyme functional groups has 
been achieved; however, in the case of photolabile reagents, possibilities for the 
modification of a greater variety of enzyme functional groups have been demon- 
strated.. Both experimental approaches are important for the investigation of 
functional groups at enzyme sites. A number of photolabile pyridine nucleotide 
analogs designed to photogenerate reactive nitrene and carbene intermediates 
have been studied as site-labeling reagents for dehydrogenases [33 . 73,74,86, 1 16. 
138,226]. Questions have been raised concerning complications due to non- 
specific labeling by certain photolabile reagents [227,228] especially with respect 
to those not exhibiting sufficiently tight binding to receptor sites, in studies of the 
3-diazirine analog of NAD (Table L No .48), Standring and Knowles [86 \ discuss 
the relative effectiveness of carbene and nitrene generating reagents. 

Most of the pyridine nucleotide analogs prepared as site -labeling reagents of 
dehydrogenases have been alkylating reagents and for the most pan halomethyl 
ketone derivatives. The incorporation of such groups into pyridine nucleotides is 
a natural extension of the classic studies of Shaw and coworkers (229-2^7 J on 
the development of p-toluenesulfonyllysyl chloromethyl ketone (TLCK) and 
p-toluenesulfonylphenylaianyl chloromethyl ketone (TPCK) as site-labeling rea- 
gents for trypsin and chymotrypsin, respectively. A number of pyridine nu- 
cleotide analogs containing an acetyl group in the pyridinium or purine portion of 
the molecule can be directly convened to broraoacetylated analogs by bromina- 



KSon [ 1471 3-ChIoroacctylpyridine aden 
pyridine adenine dinucleodde phospbat 
Schlorination of the corresponding 3-diazc 
l^cetyl dinucieotide derivatives serve as I 
t^reagents with dehydrogenases- These <h 
pfeeophilic groups located at active sites > 
^rhaye been observed in their behavior 
If^ample, the 3-bromoacetylpyridiire anak 
^substituted by alkyl groups [145, 147] 
^{f nucleotide do not inactivate lactate. deh 
^Tever, when the bromoacetyl group is i 
jp^yridinio)propyiadenosine pyrpphosph 
^Siactate dehydrogenase was observed [, 
|r.reacrion suggested selective modifjcari< 
jfrenzyme. 

_ X Yeast alcohol dehydrogenase, due : 
jfesulfhydryl groups appears to be extrer 
^analogs of NAD. Nicotinamide 5-bro 
J^ri'/J 1 1 3-(4-bromoacetylpyridinio)- 
Jfftl adenosine diphosphate inactivate yeast 
ification of cysteine-43 of this enzyme 
?3 plete inactivation of yeast alcohol deh 
' " the incorporation of 4 moles of reage 
# site [234-2361 4-(3-Bromoacetylpyt 
3^ and 3-chloroacetylpyridine adenine din 
dehydrogenase. With the exception of I 
phosphate, these halomethyl ketone an 



^^11?: horse liver alcohol dehydrogenase in a 
*Mf%&;l '''.evidence exists indicating yeast and 
l&p^^ homologous proteins sharing many pn 
'^Sf V closely associated essential sulfnydryl 
^0fet r ;; region , presumably serving as ligands 
:; ^JP* S groups have been identified as cystein 
' v|f|f| r * \238 1 and cysteine-46 and cysteine-17 
arnide 4-meuiyl-5-bromoacetytimida2 
teine-43 of the yeast enzyme; howeve 
5/4$ :^ 1 drogenase by this reagent involves the 
-^v!. ' homologous cysieine-46 1 13 / ] . The 
- : '- : -f%~ . inactivation of these two dehydrogei 
A?. adenosine diphosphate; however, ir 
- bromoacetylpyridinio)buiyladenosine 
J^0;-- of cysieine-43 of ihe yeast enzyme a 
^I'W^' enzvme [244\. In addition, 3-{3-brc 



dcrsoD 



4 Analogs of Pyridine Nucleotide Coenzymes 



in 



; coi appear to function as a substrate" . 
ialy zed enhancement of fluorescence k| 
d breakage at other than rhe pyridine 



) used successfully for many years as.^ 
Station of functional groups of amino 
* sites of enzymes. This experimentaJ 
1 of chemically reactive groups into > 
:ates or cefaclors of a given enzyme. - 
> enzyme sites directs the covalent : 
croups on the enzyme existing in or * 
d groups identified in this fashion are 
or catalytic processes of the enzyme; 
id which contain functional groups 
ilkylation. azo coupling, Schiff-base 

ave been synthesized for the specific 
snases and other pyridine nudcoride- ^ 
the reactive group incorporated into 
ecific enzyme functional groups has 
colabile reagents, possibilities for the 
functional groups have been demon- 
: important for the investigation of 
er of photolabile pyridine nucleotide 
t nitrene and carbene intermediates 
or dehydrogenases [33J3,74 t 86, 116, 
Kerning complications due to non- 
nts [227.228] especially with respect 
ingto receptor sites . In studies of the 
Standringand Knowles [86] discuss 
Irene generating reagents, 
prepared as site-labeling reagents of 
its and for the mosi pan halometbyl 
b groups into pyridine nucleotides is 
Shaw and coworkers [229-23/] on 
chiorometbyl ketone (TLCK) and 
ketone (TPCK) as site-labeling rea- 
ctiveJy. A number of pyridine nu- 
n the pyridinium or purine portion of 
jonioacetylated analogs by bromina- 



If 




tion [147]. 3-Chloroacetylpyridine adenine dirtucleotide [25] and 3-chIoroacetyl- 
pyridine adenine dinucleotide phosphate [232] have been prepared through the 
chlori nation of the corresponding 3-dia2oacefylpyridine analogs . Most of the balo- 
acetyl dinucleotide derivatives serve as both hydrogen acceptors and site-lar>eling 
reagents with dehydrogenases. These derivatives were developed to alkylate nu- 
: oleophilic groups located at active sites of dehydrogenases; however, differences 
have been observed in their behavior with different dehydrogenases. For ex- 
ample, the 3-bromoacerylpyridine analogs in which the pyridine ribose has been 
substituted by alkyl groups [J 45 J 47] and 3-crjloroacetylpyridinc adenine di- 
nucleotide do not inactivate lactate dehydrogenases from various sources, How- 
ever, when the brorooaceryl group is in the 4-posirion as in 3-(4-brornoacety]- 
pyridinio)propyiadenosine pyrophosphate, selective inactivation of pig heart 
lactate dehydrogenase was observed [148 J. Hie pH profile of this inactivatkm 
reaction suggested selective modification of an essential histidine residue of the 
enzyme. 

Yeast alcohol dehydrogenase, due to the positioning of one of its essential 
surfbydryl groups appears to be extremely sensitive to alkylation by haloacetyl 
analogs of NAD. Nicotinamide 5-bromoacetyM-methylimidazole dinucleotide 
[131], 3-(4-bromoacetylpyridinio)- and 3H[3^romc>acer>'lr^dinio)prop3'l- 
adenosine diphosphate inactivate yeast alcohol dehydrogenase by covalent mod- 
ification of cysteine-43 of this enzyme [2331 Using 14 C-labeled analogs, com- 
plete inactivation of yeast alcohol dehydrogenase was demonstrated to involve 
the incorporation of 4 moles of reagent per 150,000 MW or one per catalytic 
site [234-236]. 4-(3-Bronw>ac^tylpyridiriio)butyladenosine diphosphate [14$] 
and 3-chloroacetylpyridine adenine dinucleotide [25] also inactivate yeast alcohol 
dehydrogenase. With the exception of 3-(3 -bromoacetylpyridinio)propy^ 
phosphate, these halomethyl ketone analogs have been demonstrated to inactivate 
horse liver alcohol dehydrogenase in a similar site-labeling fashion. Considerable 
evidence exists indicating yeast and horse liver alcohol dehydrogenases are 
homologous proteins sharing many properties in common. Each enzyme has two 
closely associated essential sulfbydryl groups located in or nearby the active site 
region, presumably serving as ligands for catalytic zinc atoms [237-243]. These 
groups have been identified as cysteine-43 and cysteine- 153 of the yeast enzyme 
[238] and cysteine-46 and cysteine-174 of the horse liver enzyme [243]. Nicotin- 
amide 4-memyl-5-bromoacetylirnidazole dinucleotide selectively modifies cys- 
teine-43 of the yeast enzyme; however, site-Jabeling of horse liver alcohol dehy- 
drogenase by this reagent involves the modification of cysteine- 174 instead of the 
homologous cysteine-46 [131]. The same residue labeling was observed in the 
inactivation of these two dehydrogenases by 3^4-bromoacerylpyridinio)propyl 
adenosine diphosphate; however, inactivation of die two enzymes, by 4^(3- 
bromoacct}'lpyridinio)butyladenosine diphosphate resulted in the modification 
of cysteine-43 of the yeast enzyme and the homologous cysteine-46 of the liver 
enzyme 1244]. In addition, 3-(3-bromacetylpyridinio)propyIadenosine diphos- 
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phate which selectively modifies cysteine-43 of the . yeast enzyme failed to ; 
modify either of the two cysteine residues oT horse liver alcohol dehydrogenase. 
Therefore, a comparison of site -labeling by pyridine nucleotide analogs contain- 
ing bromacetyl groups in different positions of the dijiucleo tide molecule can 
provide new information concern ing the positioning of functional groups at (he 
active sites of dehydrogenases. Although the above observations confirm X-ray 
crystallographic data that two closely associated sulfhydryl groups exist in the 
active sites of both yeast and horse liver alcohol dehydrogenase, the differences 
observed in the patterns of site labeling clearly indicate that the active centers of 
these related enzymes are not identical [244]. The successful application of these 
pyridine nucleotide analogs for the study of alcohol dehydrogenases has promp- 
ted similar studies with these and other baloacety I derivatives for the investiga- 
tion of numerous other dehydrogenases \ 7J ,132,149,232.235.245-250}. 

A different approach to site labeling was developed by Chan and Anderson 
[27] based on the azo coupling reactions of diazotized 3-amrnopyridine adenine 
dinucieotide [20]. The 3-aminopyridine analog of NAD can be diazotized in 
nitrous acid and the resulting diazonium chloride was demonstrated to azo couple 
at low pH with AM-napbtbylethylenediamine to, form an azo dye absorbing 
maximally at 510 nm. It was anticipated that this diazotized dinucieotide analog 
would be selectively bound at enzyme NAD binding sites and thereby label 
active site tyrosyl and histidinyl residues through azo coupling reactions. Such 
reactions can be demonstrated with diazotized 3-arainopyridine adenine 
dinucieotide and model tyrosine and histidine derivatives. Unfortunately, these 
azo coupling reactions were observed not to occur above pH 3.5, an observation 
attributed to the facile conversion of the diazonium group to a diazohydroxide or 
diazotate promoted at these lower pHs by the electron-withdrawing properties of 
the pyridiniurn ring. Since siieTlabeling experiments with dehydrogenases and 
other N AD-requiring enzymes would normally require incubation of the enzymes 
with the diazotized reagent in the neutral pH region, modification of tyrosine and 
histidine residues would not be expected. Although these limitations were some- 
what discouraging, interest in the application of diazotized 3-aminopyrtdine 
adenine dinucieotide as a site- labeling reagent was renewed by the observation 
that this reagent at 200 pAf concentration rapidly inactivated yeast alcohol de- 
hydrogenase 2.5 min) under the mild conditions of pH 7 and (f-5 c C [2I\. 
That site labeling was truly involved was demonstrated by a variety of procedures. 
Yeast alcohol dehydrogenase is a tetrameric protein composed of four identical 
subunits each containing an independently functioning active site. After com- 
plete inactivation of the enzyme by diazotized 3-aminopyridine adenine 
dinucieotide and removal of the reagent by extensive dialysis, the modified 
enzyme was demonstrated to contain four diazotized 3-aminopyridine adenine 
dinucieotide residues per 150,000 MVY or one per active site of the enzyme. 
These calculations were based on the additional 260 nm absorbance determined 
for the modified and completely inactivated enzyme. Since modification of 
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tyrosine and hist id ine residues appeared unlikely due to the pH at which inactiva- 
tion was performed, covalent modification of other amino acid residues was 
investigated. DTNB titrations of the enzyme before and after inactivation re- 
vealed the loss of four sulfhydryl groups per 150,000 MW or one per .active site 
•■ during the inactivation process. Since modification of cysleinyl residues of the 
enzyme was indicated, the spectral properties of the inactivated enzyme could be 
interpreted to indicate the initial formation of diazomerceptides with active site 
sulfhydryls. Acid hydrolysis of the modified enzyme resulted in the rearrange- 
ment of these derivatives to thioethers and the release of 4 moles of S- 
- 3-pyridylcysteine was determined through amino acid analysis [21 J, The 
stofcbtometry inherent in these analyses indicated die covalent modification of 
one sulfhydryl group per NAD binding site with no other amino acid residues 
altered. The binding of NAD effectively protected the enzyme against mactiva- 
„ tion by diazotized 3-aminopyridine adenine dinucleotide. Incubation of the yeast 
> enzyme with 200 ftAf diazotized 3-aminopyridine adenine dinucleotide phos- 
phate did not result in any observable inactivation of the enzyme. The absence of 
inactivation by the phosphorylated analog is consistent with the known coenzyme 
specificity of yeast alcohol dehydrogenase and further supports the inactivation 
of the enzyme by the diazotized NAD analog as a site-directed process. It is not 
known which of the two essential cysteine residues of the yeast enzyme is 
modified by diazotized 3-aminopyridine adenine dinucleotide. 

Diazotized 3-aminopyridine adenine dinucleotide was also demonstrated to be 
a site-labeling reagent for rabbit muscle glycerophosphate dehydrogenase [251). 
Rapid inactivation of this enzyme was observed with micro molar concentrations 
of the reagent at low temperatures and neutral pH. Inactivation was again related 
to the specific modification of one sulfhydryl group per active site and effective 
protection was afforded by the binding of NAD. Included in these studies [25/] 
were the observations that diazotized 3-aminopyridine adenine dinucleotide does 
not effectively inactivate bovine lactate dehydrogenase (M 4 isozyme) and bovine 
mitochondrial malate dehydrogenase, Inactivation of lactate dehydrogenase was 
expected since this enzyme has been demonstrated to be inactivated by sulfhydryl 
reagents at neutral pH. Coenzy roe-competitive inhibition by diazotized 
3-aminopyridine adenine dinucleotide indicated selective binding of the analog at 
the coenzyme binding site. The absence of irreversible inactivation of the en- 
zyme under conditions where the analog is bound suggested the essential sulf- 
hydryl group not to be*!ocated near the coenzyme binding site. These. observa- 
tions were in obvious accord with X-ray crystallographic data indicating that the 
reactive sulfhydryl groups of lactate dehydrogenase are not located near the 
catalytic sites of the enzyme 1252]. It has been suggested that diazotized 
3-aminopyridine adenine dinucleotide can serve as an experimental probe to 
locate sulfhydryl groups at the active sites of dehydrogenases and other pyridine 
nucleotide-requiring enzymes; however, the lesson learned from the subtle dif- 
ferences observed in the site labeling of alcohol dehydrogenases by bromoacetyl 
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derivatives would indicate that proper positioning of the bound dinucleotide 
analog can play a significant role in whether or not .an existing, sulfhydryl . be- 
comes modified. The selective binding of the diazotized analog and the absence 
of irreversible ihactivatton cannot be directly interpreted to indicate the absence 
of sulfhydryl groups in the active site region.. In this respect/ diazotized 
3-aminopyridine . adenine dinucleotide was observed to be a reversible 
coenzyrne-conotpetitive inhibitor of chicken liver 3rphospho^lycerate dehy- 
drogenase but showed no irreversible inactivation of the enzyme [/ 79]. That 
sulfhydryl groups exist in the active site region of this enzyme was suggested by 
studies of maleimide inactivation of the enzyme If 79); however, properties of 
, this inaciivatioD process indicate the sulfhydryl group(s) to be more closely 
associated with the substrate-binding site. 

The NADP analog, 3-aminopyridine adenine dinucleotide phosphite, has been 
synthesized and shown to have properties similar to those observed with the 
. NAD analog [2001. The diazotized form of the NADP analog was demonstrated 
to be a coenzyme-competitive inhibitor of yeast ghicose-6-phosphate dehy- 
drogenase and 6-phosphogluconate dehydrogenase but no irreversible inactivation 
was observed [200] at these binding concentrations. This diazotized analog was 
however effectively applied to the study of Neurospora crassa nitrate reductase 
[253]. The diazotized NADP analog selectively inactivated all NADPH- 
dependent activities of die reductase, such as the NADPH-nitrate reductase and 
NADPH-cytochrome c reductase activities. The reduced methyl viologen and 
reduced FAD-nitrate reductase activities were unaffected. Inactivation of the 
enzyme was demonstrated to be related to the modification of sulfhydryl groups. 
Through studies of an unexpected FAD protection of this enzyme, these inves- 
tigators [253] teamed for the first time that this enzyme contained an oxidation - 
reduction-active disulfide and should be classified with other disulfide oxidases. 
Electron transfer reactions catalyzed by this enzyme complex can be more effec- 
tively studied by first selectively inactivating electron transfer reactions initiated 
by NADPH. 

With respect to the need for proper positioning of site-labeling pyridine nu- 
cleotide analogs, it is of interest that diazotized 3-aminopyridiiie adenine 
dinucleotide phosphate does not inactivate yeast glutathione reductase but does 
serve as an effective coenzyme-competitive inhibitor [254). This is of special 
interest since yeast glutathione reductase is a disulfide oxidase and the sulfhy- 
dryls of the reduced enzyme are intimately involved in the catalytic process and 
show a very high reactivity toward sulfhydryl- modifying reagents [254]. 

C. In Vivo Studies 

Evidence has been presented for the in vivo formation of pyridine nucleotide 
analogs \41, 92,255 -26/]. One explanation for the pharmacologic action of 
pyridine bases involves the formation of NAD and NADP analogs in tissues 
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through transglycosidation reactions and the subsequent interactions of these 
analogs with various pyridine nucleoride-requiring enzymes. Efforts have been 
made to take advantage of these reactions in the development of chemotherapeu- 
ttc .agents. Upon the injection of 3-acetylpyridine rn mice, Kaplan 'and co- 
workers 1255] reported the formation of 3-acctylpyridine adenine dinucleotide in 
brain and spleen. In the livers of these animals the admin istrauon of 
3-acetylpyridine resulted in a fourfold increase in NAD concentration with no 
3-acerylpyridine analog detected. It was suggested thai 3-acetylpyridine is detox- 
ified in the liver by conversion to nicotinic acid or nicotinamide leading to 
increased production of NAD. The absence of such detoxification mechanisms in 
extrahepatic tissues favors the accumulation of the antimetabolite, 
3-acetylpyridine and concomitant formation of the coenzyme analog. Of further 
interest was the observation that the highest concentration of analog was found in 
neoplastic tissue after the injection of 3-acetylpyridine into mice containing 
various strains of tumors [255,256). The formation of analog in tumor tissue was 
accompanied by a decrease in the tissue concentration of NAD. When 
nicotinamide was administered with 3-acetylpyridine, a significant decrease in 
the amount of analog formed was observed. This in vivo protection by 
nicotinamide was correlated with the observed ut vitro inhibition by 
nicotinamide of analog synthesis catalyzed by mouse brain NAD glycohydrblase. 
The formation of coenzyme analogs in tissues would be expected to have a 
profound effect on cellular metabolism since coenzyme analogs can differ con- 
siderably from NAD and NADP in their behavior with dehydrogenases and other 
pyridine nucleoride-requiring enzymes. Brunnemann et al. [258] reported the 
formation of 3-acetylpyridine adenine dinucleotide phosphate in the brain tissue 
of rats injected with 3-acetylpyridme. 

6-Aminonicotinamide has been demonstrated to be an antineoplastic agent 
showing activity against the Walker carcinoma 256 [262,263], mammary 
adenocarcinomas [264], and several human malignant neoplasms {265-267)- 
This antimetabolite has also been used successfully in the treatment of psoriasis 
1 268, 269]. 6- Aminonicotinaroide adenine dinucleotide has been prepared 
through the NAD glycohydrolase-catalyzed pyridine base-exchange reaction 
[41,92,270], and isolated from tissues of 6-aminonicotinamide-treated animals 
1 41, 92 ,256 J. The in vivo effects of 6-aminonicotinamide have been attributed to 
the formation of NAD and NADP analogs in tissues and the inability of these 
analogs to function in hydride transfer reactions [41,271-274). Lange et al. 
[273] demonstrated 6-aminonicotinamide adenine dinucleotide phosphate to be a 
potent inhibitor of rat brain 6-phosphogluconate dehydrogenase. Herken et aL 
[272,275] discuss the effects of 6-aminonicotinamide on the pentose phosphate 
pathway in light of the above inhibition and the observed accumulation; of 
6^>hosphogluconate in brains of rats treated with 6-aminonicounamide, Since the 
level Of 6-phosphogluconate dehydrogenase increases in psoriasis [276,277] t the 
effectiveness of 6-aminonicotinamide in treating psoriatic lesions 1265] was 
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: likewise suggested to involve in part the inhibition of this enzyme following the 
in vivo formation of 6-amiaonicotirvamide adenine dinucleotide phosphate. The 
usefulness of 6-ammomcotmamide as an antineoplastic agent or a 
chemothcrapeutic agent for the treatment of skin disorders such as psoriasis is 
limited by serious toxic effects on the central nervous system [255]. These 
effects are manifested by motor weakness, limb paralysis, coma, and death 
[278]. Teratogenic, effects of 6-aminonicotinamide in animals have also been 
-reported [2791 Toxic and teratogenic effects have also been observed on admin- 
istration of 3-acetylpyridine to animals 1255], and although specific effects differ 
from those associated with ^rranonicorinamide, dramatic neurological changes 
have been observed \28Q t 281 J; V 

D. Clinical Studies 

Analysis of the concentrations of dehydrogenases in blood serum has been 
used effectively for clinical diagnosis of disease states. Changes in the properties 
of serum lactate dehydrogenases were recognized early as an . indicator of 
myocardial infarction 1282). Since lactate dehydrogenases arc teirameric and 
composed of loneticaliy different heart type (H) and muscle type (M) summits, 
kirteric properties of a mixture of the five possible isozymes can be related to 
specific subunit composition. Changes in the isozyme patterns of serum lactate 
dehydrogenase serve as a sensitive indicator of specific tissue damage [282- 
284}. Several disease states are known to alter both* lactate dehydrogenase con- 
centration and isozyme patterns of serum [285]. Isozyme patterns of serum are " 
routinely determined by electrophoretic methods which can be time-consuming. 
Methods utilizing more rapid kinetic analysis of both total lactate dehydrogenase 
concentration as well as the relative concentration of H and M summits have been 
reported [151,286], Bishop et al. [286] described a stopped-flow kinetic method 
that differentiates and H4 isozymes on the basis of differing degrees of 
inhibition by high concentrations of pyruvate. These differences were accen- 
tuated by using 3-acetylpyridine adenine dinucleotide in place of the natural 
coenzyme. This method was purported to determine serum lactate dehydrogenase 
subunit composition more accurately than electrophoretic procedures and has 
been suggested as a rapid diagnostic tooJ for clinical medicine. These authors 
successfully demonstrated the application of this method in monitoring liver 
damage in patients. 

Another method utilizing pyridine nucleotide analogs for clinical diagnosis of 
lactate dehydrogenase isozyme patterns has been reported by Minato et at. 
[15 J ]. These authors recognized that there were significant differences in initial 
velocities catalyzed by H« and M, isozymes when one compared reaction mix- 
tures containing 530 mM lactate and NAD and those containing 13 mM lactate 
and the NAD analog, thtonicotin amide xanthine dinucleotide. The ratio of initial 
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velocities obtained with high lactate and NAD divided by those obtained with 
low lactate and ihtonicoxinamide xanthine dinucleotide was defined as the NIT 
ratio. The NfT values for porcine H* and M< isozymes were determined to be 
0.49 and 9.33, respectively. The NTT values for the other three isozymes can be 
calculated from subunit compositions. The calculated values were observed to 
agree well with experimental results. When human lactate dehydrogenase 
isozymes were assayed in the same manner, NIT values of J. 0-1. 57 were ob- 
tained for rbe H 4 isozyme and 6.66-7.5 for the M* isozyme. Normal human sera 
^xhibiled an NIT ratio of 1.32. Myocardial infarction did not alter the NfT ratio; 
however, hepatic diseases were accompanied by a significant increase in the NfT 
value. These authors [15 J] indicated the measurement of NTT values to be 
important for clinical diagnosis and to provide an advantage over conventional 
electrophoretic procedures. 

Another diagnostic method of cote involves the use of a pyridine nucleotide 
analog for the study of alcohol dehydrogenase [287]. Tamoaki ei aL \288] 
observed that an assay system for alcohol dehydrogenase using thiooicotinamide 
adenine dinucleotide and amy I alcohol was more sensitive than the conventional 
assay system employing NAD and ethanol. Fujisawa er aL [287] developed a 
diagnostic method based on the initial velocities of (h ion icotin amide adenine 
dinucleotide reduction with amyl alcohol and ethanol as substrates. The initial 
velocities with the two substrates were reported as AIB ratios. Since alcohol 
dehydrogenase activity is almost exclusively confined to the liver in mammalian 
systems 1283, 259], changes in the A IE ratios of serum can be used to detect liver 
damage. When the alcohol dehydrogenase activity associated with the particulate 
fraction of the liver leaks into the bloodsrream as a result of liver damage., the 
AlE ratio was significantly elevaied. In cases of chronic aggressive hepatitis, 
active cirrhosis, and subacute hepatitis, a relatively high AlE ratio was observed. 
These authors suggest that the measurement of AlE ratios of patients' sera could 
provide considerable diagnostic information concerning liver damage especially 
in chronic liver injury. 

E. Evolution of Dehydrogenases 

In early studies of pyridine nucleotide analogs [28,64] it was observed that 
dehydrogenases catalyzing the same reaction but isolated from different sources 
could behave quite differently with respect to the utilization of coenzyme 
analogs. For example, the rale of reduction of 3-acetylpyridine adenine 
dinucleotide as catalyzed by yeast alcohol dehydrogenase was one-tenth the rate 
observed for NAD reduction [28] t whereas, in reactions catalyzed by horse liver 
alcohol dehydrogenase, rates of analog reduction ten times those of NAD reduc- 
tion were observed. Similar large differences in the rates of reduction of 
3-acetylpyridine adenine dinucleotide, pyridine-3-aldehyde adenine 
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dmucleotide.and NAD were reported in reactions catalyzed by beef heart and 
rabbit muscle lactate dehydrogenases {28]. These same alcoholand lactate de--. 
fcydrogenases were also observed to behave quite differemly with/ 
thionicotinamide adenine dinucleotide \64). Therefore, one can distinguish 
common substrate dehydrogenases isolated from different sources by comparing 
rates of reduction of NAD and various analogs. Differences in the analog ratios 
obtained can be accentuated further by incorporating into the evaluation process : 
other kinetie properties of the enzymes involved. For example, lactate dehy- 
drogenases from different sources show different relationships with respect to 
substrate saturation and/or substrate inhibition by lactate and pyruvate. There- 
fore, if one studies the reduction of NAD and NAD analogs in the presence of 
high and. low lactate concentrations, one can establish the proper analog ratios 
that will effectively distinguish lactate dehydrogenases from different sources. 
For example, the rates of reduction of 3-acetylpyrTdine adenine dinucleotide and 
thionicotinamide adenine dinucleotide at low lactate concentrations* catalyzed by 
heart muscle and skeletal muscle lactate dehydrogenases from different mam- 
mals, provided the data necessary for the comparison of these types of enzymes 
[65,290). The, analog ratios obtained in this fashion provided the interesting 
observation that the heart lactate dehydrogenases from eight mammalian species 
were more closely related than were the heart and skeletal muscle lactate dehy- 
drogenases from any given species. These and related studies suggested the possi- 
bility that catalytic identification of enzymes could be of value in phylogenetic 
and taxonomic studies. One can classify organisms on the basis of the kinetic 
properties of lactate dehydrogenases as weir as those of other dehydrogenases. 
Kaplan et al. [290 \ demonstrated through analog ratios that the lactate dehy- 
drogenases from a number of crustaceans exhibited common kinetic properties. 
The horseshoe crab which is related to the arachnids was observed to have a 
lactate dehydrogenase with kinetic properties closely related to those of scorp- 
ions, spiders, and tarantulas, members of the same subphylum. 

The use of analog ratios to determine specific properties and heterogeneity of 
dehydrogenases can be extended to other types of dehydrogenases. Malate de- 
hydrogenases are of special interest due to a wider distribution of these enzymes 
in different life forms. Kaplan and Ciotti [28] have reported analog ratios for a 
large number of bacterial malate dehydrogenases and suggest an importance for 
this experimental approach for the classification of microorganisms. 



VI. CONCLUDING REMARKS 

The early studies of Kaplan and co-workers in the mid 1950s provided (he 
basis for a new and exciting area of biochemical research. The demonstration that 
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analogs of the pyridine nucleotide coenzymes could be prepared enzymatically 
through the pyridine base-exchange reaction catalyzed by mammalian NADases 
provided the impetus for further studies resulting ultimately in the synthesis of a 
variety of pyridine nucleotide analogs tbat have since proven to be extremely 
important* experimental tools for the investigation of dehydrogenases and other 
pyridine nucleotide-dependent enzymes. The excellent studies of Woenckhaus 
and co-workers in Germany on the difficult task of chemically synthesizing 
pyridine nucleotide analogs effectively complemented Kaplan's studies by pro- 
viding a host of analogs that could not be synthesized by enzymatic means. The 
importance of pyridine nucleotide analogs in biochemical research can be readily 
documented by simply considering the overall importance of pyridine nucleotide 
coenzymes in oxidation -reduction reactions of metabolic pathways. The more 
recent implication of pyridine nucleotide coenzymes in non-oxidation -reduction 
reactions such as ADP-ribosylarjon and poly ADp-nbose formation predicts an 
even greater importance for these compounds in future biochemical investiga- 
tion. As new reactions of pyridine nucleotides are discovered, the need for new 
derivatives of the dinucleotides soon follows. One can expect a continued interest 
in the synthesis of fluorescent, spin-labeled, and she-labeling derivatives of 
dinucleotides and continued efforts to design derivatives to be used in affinity 
chromatography. Obvious differences in the NAD and NADP binding sites of 
enzymes should continue to challenge researchers to design the derivatives re- 
quired to effectively study these enzymes. In several cases where NAD analogs 
have been used successfully in enzyme studies, the corresponding NADP analogs 
should be prepared. In the same sense, one can expect the selenonicotinamide 
analog of NAD to be prepared since the corresponding NADP analog has already 
been reported. Missing from the long list of available pyridine nucleotide analogs 
are derivatives in which the pyrophosphate group has been sufficiently modified 
to prevent hydrolysis in reactions catalyzed by nucleotide pyrophosphatases and 
phosphodiesterases. Dinucleotides with nitrogen or methylene bridges in this part 
of the molecule would provide interesting derivatives for the study of a number 
of enzymes. Further studies are needed to improve the preparation of disubsti- 
luted pyridine analogs with some attention paid to those presumably sterically 
hindered by substitution in the 5- and 6-position of the pyridine ring. Known 
pharmacological effects of 6-substituted nicotinamides warrant further studies of 
the analogs containing these pyridine bases. In general, one would hope for 
increased investigation of the in vivo formation of pyridine nucleotide analogs 
and the ultimate effects of these compounds on cellular metabolism. Finally, 
with the existence of more sophisticated analytical techniques such as NMR and 
high performance liquid chromatography, a greater purity of pyridine nucleotide 
analogs should be possible and a more convincing characterization of the chemi- 
cal structures of these compounds should be provided. 
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[11] Transition State and Multisubstrate Analog Inhibitors 
By Anna Radzicka and Richard Wolfenden 

* Transition State Stabilization by Enzymes 

To lower the energy barrier that limits the rate of a reaction, a catalyst 
must bind the altered substrate in the transition state (S $ ) more tightly 
than it binds the substrate in the ground state (S). In the moment, lasting 
perhaps 1 msec, during which the catalytic event occurs, binding is en- 
hanced by a factor that equals or surpasses the factor by which the catalyst 
enhances the rate of the reaction. 1 

Scheme 1 illustrates this principle by comparing the rate of deamination 
of adenosine in the presence and absence of calf intestinal adenosine 
deaminase (Scheme la). The central postulate of transition state theory 
is that in the ground state the substrate S (in the nonenzymatic reaction), 
or the enzyme-substrate complex ES (in the enzyme-catalyzed reaction), 
exists in a state of equilibrium with a transition state (S* or ES*, respec- 
tively) situated at the top of a potential energy barrier, from which its 
chances of going forward to products, or backward to substrates, are 
equal (Schemes lb and 1c). 

The rate of decomposition of any transition state to products is equal 
to kTIh, a universal rate constant composed of Planck's constant k, Boltz- 
mann's constant h, and the absolute temperature 7; and it has a value 
of approximately 0.62 x 10 n sec" 1 at room temperature. At any given 
temperature, rates of reactions differ according to the difference between 
their equilibrium constants for reaching the transition state. That equilib- 
rium constant is always unfavorable, even for the fastest enzyme reac- 
tions. Thus, for carbonic anhydrase, with a turnover number of roughly 
10 6 sec" 1 , 2 the value of K ES t is about 10~ 7 . For calf intestinal adenosine 
deaminase, a more conventional enzyme with a turnover number of 375 
sec" 1 , the value of K ES t is approximately 6 x 10" n . At neutral pH in 
water, adenosine is deaminated very slowly (/c non = 1.8 x 10" 10 sec' 1 ; 
t U2 = 122 years), 3 and the value of K s t is approximately 
3 x 10" 23 . The ratio of K ES t to K s t matches the rate enhancement of 
2 x 10 12 -fold. Scheme lb shows that K s is related to K TX by this same 
ratio, where K s is the dissociation constant of the enzyme-substrate com- 

1 R. Wolfenden, Nature {London) 223, 704 (1969). 

2 H. Sieiner, B. H. Johnson, and S. Lindskog, Eur. J. Biochem. 59, 253 (1975). 

3 L. Frick, J. P. Mac Neela, and R. Wolfenden, Bioorg. Chem. 15, 100 (1987). 
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plex and K TX is the dissociation constant of the enzyme-substrate complex 
in the transition state. Evidently the substrate, initially bound with a 
dissociation constant of roughly 3 x 10~ 5 M, is bound with a dissociation 
constant of approximately 1.5 x 10" 17 M in the transition state. 

In the simple case described in Scheme 1, K TX (expressed in moles/ 
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liter) is equivalent to * non (the first-order rate constant for the nonenzymatic 
reaction, usually expressed as sec" ') divided by k c JK m (the second-order 
rate constant for the enzyme reaction, usually expressed as sec" 1 M -1 )- 
Second-order rate constants for enzyme reactions typically fall in the 
range between 10 5 and 10 7 sec" 1 M ~ «. Rate constants for the corresponding 
nonenzymatic reactions are distributed over a much wider range, with 
'hatf-tunes that may be measured in tens of seconds or millions of years 
Scheme Id shows approximate values of K TX for several enzymes, esti- 
mated from such measurements. The resulting affinities of S* are seen to 
be high. In most cases, the observed rate enhancement probably provides 
a conservative estimate of the levels of binding affinity that are achieved 
m the transition state. As has been shown elsewhere, 4 transition state 
affinity may be underestimated, from simple comparison of rates, if (1) 
the enzymatic and nonenzymatic reactions differ mechanistically in some 
fundamental respect, so that their transition states are unrelated in struc- 
ture; or (2) the chemical mechanisms are the same, but the rate-limiting 
transition state is reached at a different point on the reaction coordinate 
m the enzymatic and nonenzymatic reactions. In both cases, simple com- 
parison of rates results in underestimation of the ability of the enzyme 
to stabilize the transition state for the step that limits the rate of the 
nonenzymatic reaction. 

This view of catalysis, focusing attention on a concrete structure rather 
than a process, implies that the catalytic power of enzymes lies in their 
extremely high affinity for unstable intermediates in substrate transforma- 
tion, as opposed to the substrate in the ground state. The rate of the 
nonenzymatic reaction can be enhanced only if this difference in binding 
affinities exists. This principle also furnishes a practical basis for designing 
powerful enzyme antagonists, in the form of stable analogs of S* These 
inhibitors, usually termed "transition state analogs," can be designed to 
test alternative mechanisms by which the enzyme might act; that is, strong 
binding should be observed only for those inhibitors that resemble acti- 
vated forms of the substrate that arise along the pathway of the enzyme 
reaction. Such inhibitors can be used to probe the source of the binding 
discrimination of the enzyme between the substrate in the ground state 
and that in the transition state, which lies at the heart of the catalytic 
process. Thus, exact structural observations on enzyme-inhibitor com- 
plexes should make it possible to identify the origins of the affinity of the 
enzyme for the inhibitor and, by inference, the interactions that stabilize 



4 For a review, see R. Wolfenden, Annu. Rev. Biophys. 5, 271 (1976). 
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the actual transition state for the reaction, involving those amino acid 
residues of the enzyme that are directly involved in catalysis. 

The transition state, by definition the highest point on the energy 
profile of a reaction, involves bond angles, bond distances, and electron 
distributions that can never be imitated precisely in any stable analog 
inhibitor. In addition, some compounds designed on this principle resem- 
ble reaction intermediates whose structures and energies may approach, 
but inevitably fall short of, that of the altered substrate in the transition 
state itself. For these reasons, the term "transition state analog" describes 
an ideal that will never be fully attained. Nevertheless, S* represents an 
ideal that is worth imitating, because a compound that shares even a few 
of the structural features that distinguish S* from S should be a very 
strong inhibitor, many orders of magnitude more strongly bound than the 
substrate or product. Potential transition state analog inhibitors have now 
been prepared against enzymes catalyzing reactions of every class (see 
Table I at the end of this chapter), and some show very high affinities. 
For example, 1,6-dihydroinosine (or nebularine 1,6-hydrate, described 
below) is bound by intestinal adenosine deaminase 3 x 10 8 -fold more 
tightly than product inosine 5 ; 3,4-dihydrouridine is bound by bacterial 
cytidine deaminase 2 x 10 9 -fold more tightly than product uridine. 6 

A special kind of activation involves gathering of two or more sub- 
strates from dilute solution at the active site and their binding in an orienta- 
tion appropriate for reaction. A multisubstrate analog inhibitor that incor- 
porates binding determinants of two or more substrates within the same 
molecule may express a large entropic advantage in binding, as compared 
with the binding properties of analogs of the two substrates measured 
separately. 7 In principle 8 and in practice, 9 these effects can enhance reac- 
tion rates and inhibitor binding affinities by factors as large as 10 8 or more. 
Accordingly, given only that a compound is an exceptionally powerful 
inhibitor of a multisubstrate reaction, it may not be easy to decide whether 
its potency is due to some resemblance to the combined substrates, or to 
a chemically activated intermediate in which bonds are being made and 
broken. In some cases, such as that shown in Scheme 2, one inhibitor, 
tentatively identified as a multisubstrate analog inhibitor, is greatly sur- 



'3 



5 W. Jones, L. C. Kurz, and R. Wolfenden, Biochemistry 28, 1242 (1989). 

6 L. Frick, C. Yang, V. E. Marquez, and R. Wolfenden, Biochemistry 28, 9423 (1989). 

7 R. Wolfenden, Acc. Chem. Res. 5, 10 (1972). 

8 M. I. Page and W. P. Jencks, Proc. Natl. Acad. Sci. U.S.A. 68, 1678 (1971). 

9 W. M. Kati, S. A. Acheson, and R. Wolfenden, Biochemistry 31, 7356 (1992). 
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passed in potency by another inhibitor containing a bond arrangement 
that resembles a hydrated intermediate in peptide cleavage. 10 The first of 
these compounds might be considered a multisubstrate analog, whereas 
the second has some of the structural features expected of a transition 
state. 



Designing Transition State Analogs 

Transition state and multisubstrate inhibitors have been prepared 
against enzymes catalyzing reactions of every class (see Table I). Each 
of the various devices by which enzymes are able to enhance the rates of 
reactions that they catalyze, including catalysis by approximation, general 
acid-base catalysis, catalysis by desolvation, nucleophilic catalysis, and 
catalysis by distortion, now appears to have been exploited in several 
inhibitors (for a review, see Wolfenden and Frick 11 ). In what follows, we 

10 A. Radzicka and R. Wolfenden, Biochemistry 30, 4160 (1991). 

11 R. Wolfenden and L. Frick, in "Enzyme Mechanisms" (M. I. Page and A. Williams, 
eds.), p. 9. Royal Society of Chemistry, London, 1987. 
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consider a few such inhibitors that have been grouped into several classes 
that emphasize their charge, reactivity with nucleophiles, hydrophobicity, 
or multisubstrate character. 

Analogs of Anionic Intermediates 

Isotope exchange studies have shown that many enzymes abstract 
protons from substrates, generating carbanionic or oxyanionic intermedi- 
ates that undergo subsequent addition or rearrangement reactions. Inhibi- 
tory compounds resembling these species can be prepared by incorpora- 
tion of stable oxyanionic substituents such as carboxylate groups. 

Triose-phosphate isomerase, for example, was found to be strongly 
inhibited by 2-phosphoglycolate, analogous in structure to a suspected 
ene-diolate intermediate in the enzyme reaction. Judging from the effect 
of pH on K n the inhibitor appeared to be bound as a dianion. 12 However, 
13 C and 31 P nuclear magnetic resonance experiments showed that the 
inhibitor was bound as the trianion, requiring that the enzyme have taken 
up a proton as binding occurred. 13 It was inferred that the EI complex 
resembled a species on the reaction pathway in which a basic group on 
the enzyme, Glu-165, had abstracted a proton from the substrate to form 
an ene-diolate intermediate, and that interpretation has been confirmed 
by X-ray crystallography of the EI complex. 14 The true affinity of the 
enzyme for the inhibitor is therefore several orders of magnitude higher 
than the K x value had suggested. A comparable approach has been used 
to examine the complex formed between carboxypeptidase A and the 
multisubstrate analog inhibitor L-benzylsuccinate. From the dependence 
of Ki on pH, the inhibitor appeared to be bound as one of two possible 
monoanionic species involving the two carboxylic acid groups of the inhibi- 
tor. 15 When these groups were substituted with 13 C, resonances of the 
bound inhibitor showed that it was bound instead as the dianionic species, 
with concomitant release of a hydroxide ion from the protein. 16 

Barbituric acid ribonucleoside 5 '-phosphate is an excellent inhibitor 
of orotidylate decarboxylase from yeast, presumably because one of its 
canonical forms resembles a zwitterionic intermediate formed during de- 
carboxylation. 17 The resonance of 13 C at C-5, as well as the UV difference 

12 R. Wolfenden, Biochemistry 9, 3404 (1970). 

13 I. D. Campbell, R. B. Jones, P. A. Keiner, E. Richards, S. G. Waley, and R. Wolfenden, 
Biochem. Biophys. Res. Commun. 83, 347 (1978). 

14 E. Lolis and G. A. Petsko, Biochemistry 29, 6619 (1990). 

15 L. D. Byers and R. Wolfenden, Biochemistry 12, 2070 (1973). 

16 A. R. Palmer, P. D. Ellis, and R. Wolfenden, Biochemistry 21, 5056 (1982). 

17 H. L. Levine, R. S. Brody, and F. H. Westheimer, Biochemistry 19, 4993 (1980). 
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spectrum of the bound inhibitor, shows that it is bound in zwitterionic 
form, not as a covalent 5,6-adduct that would have been expected if the 
enzyme had acted by an alternative mechanism involving addition and 
elimination of an enzyme nucleophile. 18 

Analogs of Cationic Intermediates 

Carbonium ion intermediates are generated during acid-catalyzed hy- 
drolysis of glycosides, and also during the action of most glycosidases. 
In the enzyme reactions, a covalent glycosyl-enzyme intermediate may 
also be formed, but carbonium ions intervene during its formation and 
breakdown. Presumably for this reason, several glycosidases are strongly 
inhibited by 1-amino sugars whose protonated forms may form ion pairs 
with carboxylate groups at the active site that normally serve as a source 
of protons to the leaving group. 17 

Sterol methyltransferases are believed to involve nucleophilic attack 
by the sterol on the methyl function of S-adenosylmethionine. The methyl- 
ated intermediate contains a positive charge on an adjacent tertiary carbon 
atom, and when this atom is replaced by nitrogen potent inhibition results. 2 
Squalene synthetase is believed to generate a carbonium ion adjacent to 
a cyclopropane ring', by elimination of a pyrophosphoryl group. Rearrange- 
ment of the intermediate, followed by hydride transfer, leads to squalene. 
An analogous azasterol serves as a strong inhibitor. 12 

Electrophilic Analogs 

Many hydrolases and transferases act by a double displacement mecha- 
nism, in which an enzyme nucleophile displaces part of the substrate to 
form a covalently bound intermediate that undergoes hydrolysis or transfer 
in a second step. Enzymes involved in carboxyl (or phosphoryl) transfer 
reactions are often susceptible to inhibition by analogs that undergo the 
first stage of reaction, typically forming a tetrahedral (or trigonal bipyrami- 
dal) intermediate but stop at that stage because they lack an appropriate 
leaving group. Thus, aldehyde analogs of peptides and amides, in which 
a hydrogen atom replaces the normal leaving group, are powerful inhibitors 
of proteases with cysteine 19 or serine 20 nucleophiles at the active site, 
forming hemiacetals whose stability reflects (1) the ability of the enzyme 
to stabilize tetrahedral intermediates in substitution and (2) the unusually 
favorable equilibrium constant for addition of nucleophiles to aldehydes. 

18 S. A. Acheson, J. B. Bell, M. E. Jones, and R. Wolfenden, Biochemistry 29, 3198 (1990). 

19 J. 0. Westerik and R. Wolfenden, J. BioL Chem. 241, 8195 (1972). 

20 R. C. Thompson, J. Biol. Chem. 12, 47 (1973). 
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When such an enzyme is also specific for the leaving group, an additional 
advantage can be gained by using a ketone in which one substituent 
represents the acyl group and the other substituent represents the leaving 
group. Equilibria of addition of nucleophiles to ketones are much less 
favorable than for addition to aldehydes, but this effect can be offset by 
incorporating fluoro groups to promote electrophilic character. In this 
way 0 inhibitors of remarkable potency were developed for acetylcholines- 
terase and several proteases. 21 

Instead of mediating a double displacement reaction, some hydrolases 
catalyze direct transfer to the acceptor water. Aldehydes and ketones 
can also inhibit reactions of these kinds, not by addition of an enzyme 
nucleophile, but by addition of water itself to form a gem-diol that resem- 
bles a tetrahedral intermediate in direct water attack on the peptide bond. 
Demonstrated first for pepsin inhibitors containing the unnatural amino 
acid statone, 22 this mode of binding has also been observed in complexes 
of fluoroketones with carboxypeptidase A. 23 

Enzymes of the latter type are extremely strongly inhibited by a special 
class of compounds in which a -P(=0)0" — NH 2 - group replaces the 
peptide bond, allowing four substituents (including an oxygen anion) to 
interact with the active site in a manner resembling an oxyanionic interme- 
diate in peptide hydrolysis, 24 ' 25 and this mode of binding has been con- 
firmed by X-ray crystallography. 26 This combination of features confers on 
these compounds very high binding affinities that may have been surpassed 
only by the complex formed between methionine sulfoximine phosphate 
and glutamine synthetase (glutamate-ammonia ligase). 27 

Analogs of Nonpolar Intermediates 

Ethanol enhances the rate of decarboxylation of pyruvate by a factor 
of 10 4 -10 5 , approaching the value observed for pyruvate dehydrogenase 
catalyzing the same reaction. 28 This increase in the nonenzymatic rate 
was ascribed to the greater stability of the neutral resonance of the reactive 
ylide intermediate in the organic solvent, as compared with the charged 

21 M. H. Gelb, J. P. Svaren, and R. H. Abeles, Biochemistry 24, 1813 (1985). 
- D. H. Rich, A. S. Boparai, and M. S. Bernatowitz, Biochem. Biophys. Res. Commun. 
104, 3535 (1982). 

23 D. W. Christianson and W. N. Lipscomb, J. Am. Chem. Soc. 108, 4998 (1986). 

24 P. A. Bartlett and C. K. Marlowe, Biochemistry 26, 8553 (1987). 

25 A. P. Kaplan and P. A. Bartlett, Biochemistry 30, 8165 (1991). 

26 B. W. Matthews, Acc. Chem. Res. 21, 333 (1988). 

27 M. R. Maurizi and A. Ginsburg, J. BioL Chem. 257, 4271 (1982). 

28 J. Crosby and G. E. Lienhard, J. Am. Chem. Soc. 92, 5707 (1970). 
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starting materials, and it was suggested that much of the transition state 
stabilization by pyruvate dehydrogenase was due to the hydrophobic na- 
ture of the active site. Keto or thioketo substitution at C-2 of the thiamine 
ring resulted in compounds with sp 3 hybridization at C-2, causing the ring 
nitrogen atom to lose its positive charge. These compounds proved to 
be extremely effective inhibitors or pyruvate dehydrogenase, 29 as did 
reduced TPP. 30 

Similarly, methyl transfer reactions involving positively charged 
S-adenosylmethionine probably involve charge dispersal in the transition 
state. Several nonpolar inhibitors of polyamine biosynthesis, synthesized 
by alkylation of thioamines with 5'-deoxy-5'-chloroadenosine, are consid- 
ered to owe their effectiveness to hydrophobicity. 31 

Multisubstrate Analogs 

Many enzymes play the role of a marriage broker, binding two or 
more substrates in a spatial relationship that is conducive to reaction. 
Multisubstrate analogs are single molecules that imitate the binding deter- 
minants in such a complex but save the enzyme the trouble of gathering 
the substrates from dilute solution. The first multisubstrate analog inhibitor 
ever prepared appears to have been pyridoxylalanine, a strong inhibitor 
of pyridoxamine-pyruvate transaminase. 32 Other early examples include 
L-benzylsuccinate, an inhibitor of carboxypeptidase A 33 ; Ap 5 A, a strong 
inhibitor of adenylate kinase 34 ; and an inhibitor of ether lipid biosynthesis 
that incorporates the elements of both an attacking and a leaving group. 35 
The number of such inhibitors is now very extensive, and, as discussed 
above, some may represent chemically activated species. One such analog, 
phosphorylated methionine sulfoximine, an inhibitor of glutamine synthe- 
tase, 36 appears to be bound with a K d value in the range of 10" 20 M? 

Practical Uses of Transition State Analogs 

Transition state and multisubstrate analog inhibitors include a number 
of enzyme antagonists of practical importance. From a medicinal stand- 

29 J. A. Gutowski and G. E. Lienhard, /. Biol. Chem. 251, 2863 (1976). 

30 P. N. Lowe, F. J. Leeper, and R. N. Perham, Biochemistry 22, 150 (1983). 

31 K. C. Tang, A. 
1371 (1980). 



E. Pegg, and J. K. Coward, Biochem. Biophys. Res. Commun. 96, 



32 W. B. Dempsey and E. E. Sncll, Biochemistry 2, 1414 (1963). 

33 L. D. Byers and R. Wolfenden, /. Biol Chem. 247, 606 (1972). 

34 G. E. Lienhard and I. I. Secemski, J. Biol. Chem. 248, 1121 (1973). 

35 S. Hixson and R. Wolfenden, Biochem. Biophys. Res. Commun. 101, 1064 (1981). 

36 W. B. Rowe, R. A. Ronzio, and A. Meister, Biochemistry 8, 2674 (1969). 
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point, these inhibitors represent attractive targets for drug design because 
the transition state tends to be uniquely characteristic of one kind of 
enzyme reaction, whereas substrates are usually shared by two or more 
enzymes. Most successful of these, from a clinical standpoint, have been 
antihypertensive inhibitors of the angiotensin-converting enzyme, namely, 
captopril 37 and enalapril, 38 whose design was based on benzylsuccinate! 
an early multisubstrate analog inhibitor of carboxypeptidase A. 33 A second 
major use of transition state analogs is as haptens in the production of 
catalytic antibodies, discussion of which is beyond the scope of this chap- 
ter (for reviews, see Lerner and Benkovic 39 and Shokat et a/. 40 ). Finally, 
transition state analogs constitute promising ligands for affinity chromatog- 
raphy and, more interestingly, as eluants from conventional substrate 
affinity columns. By using progressively increasing low concentrations of 
a transition state analog, enzymes can be eluted according to the molecular 
turnover numbers. 41 



Characterizing Transition State Analog Complexes 

The affinities of transition state analogs for enzymes can be measured 
by methods conventionally used to characterize simple reversible inhibi- 
tors; however, when binding is extremely strong, the concentration of 
inhibitor present in kinetic experiments is so low that correction must be 
made for mutual depletion of the free enzyme and free inhibitor, 42 and 
for the time required for enzyme-inhibitor complexes to come to equilib- 
rium. In cases of very tight binding, the best approach is to measure the 
"on" rate by determining the second-order rate constant for the onset of 
inhibition and the "off" rate by measuring the first-order rate constant 
for release of radiolabeled inhibitor in the presence of a large excess of 
unlabeled inhibitor. The quotient can be used to determine K d values in 
the femtomolar range, which are inaccessible by other methods. Details 
of this method are given in papers describing applications to determining 



D. W. Cushman, H. S. Cheung, E. F. Sabo, and M. A. Ondetti, Biochemistry 16, 5484 
(1977). 

38 A. A. Patchett, E. Harris, E. W. Tristam, M. J. Wyvratt, M. T. Wu, D. Taub, E. R. 
^ Peterson, T. J. Ikeler, and J. ten Broeke, Nature (London) 288, 280 (1980). 

R. A. Lerner and S. J. Benkovic, Chemtracts—Org. Chem. 3, 1 (1990). 
40 K. M. Shokat, M. K. Ko, T. S. Scanlan, L. Kochersperger, S. Yonkovich, S. Thraisivongs, 

and P. G. Schultz, Angew. Chem., Int. Ed. Engl. 29, 1296 (1990). 
" L. Andersson and R. Wolfenden, J. Biol. Chem. 255, 11106 (1980). 
- J. L. Webb, in "Enzyme and Metabolic Inhibitors" Vol. I, p. 184. Academic Press New 

York, 1963. 
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the affinity of biotin foravidin 43 and to characterizing inhibitors of ribulose- 
bisphosphate carboxylase 44 and carboxypeptidase A. 25 

One implication of the theory described in Scheme 1 is that any alter- 
ation in structure of the substrate, or of the enzyme, which alters the 
value of A cat or K m should have a predictable effect on the binding affinity 
of an ideal transition state analog inhibitor that perfectly resembles S*. 
If a change in the structure of the substrate does not affect the rate of the 
nonenzymatic reaction, then any effect on * cat /A: m should be matched by 
a change in the affinity of the enzyme for an ideal transition state analog 
inhibitor. This experimental test of analogy has been passed by inhibitors 
of papain, 19 elastase, 20 and thermolysin. 45 Alterations in the structure of 
the enzyme have been examined in the same way. After mutations at the 
active site, carboxypeptidase A 46 and cytidine deaminase 47 show changes 
in affinities for transition state analog inhibitors that are closely related 
to changes in k c JK m . 

The energetic consequences of stabilizing interactions can be analyzed 
individually, at least in principle, by deleting one of the interacting groups 
from either the inhibitor or the enzyme, then examining the thermody- 
namic consequences of alteration for binding affinity. Kinetic constants 
such as k c JK m are sometimes open to ambiguities of interpretation, be- 
cause the position of the transition state may vary along the reaction 
coordinate as alterations are made in the structure of an enzyme or sub- 
strate. In contrast, binding affinities of competitive inhibitors offer the 
advantage of being true dissociation constants that lend themselves to 
rigorous interpretation. This relationship has been tested for several en- 
zymes by varying the inhibitor 9 and in two cases by varying the structure 
of the enzyme by site-directed mutagenesis. 46 47 

Examination of enzyme-inhibitor complexes by NMR, revealing states 
of ionization of both partners in enzyme complexes with transition state 
analog inhibitors, can provide important indications of the presence of 
acid-base catalysis as described in the above discussion of analogs of 
anionic reaction intermediates. States of covalent hydration of inhibitors 
can be equally revealing, as described in the discussion below of nucleo- 
side deaminases. 



43 N. M. Green, Biochem. J. 89, 585 (1963). 

44 J. V. Schloss, J. Biol. Chem. 263, 4145 (1988). 

45 P. A. Bartlett and C. K. Marlowe, Biochemistry 22, 4618 (1983). 

44 M. A. Phillips, A. P. Kaplan, W. J. Rimer, and P. A. Bartlett, Biochemistry 31, 959 
(1992). ' 

47 A. A. Smith, D. Carlow, R. Wolfenden, and S. A. Short, Biochemistry 33, 6468 (1994). 
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Slow Binding 

Strongly bound inhibitors are often bound slowly: lactate oxidase, for 
example, binds oxalate with a rate of onset of 80 M" 1 sec" 1 . 48 Several 
e caveats should be borne in mind in considering whether these properties 

y are likely to bear any functional relationship to transition state analogy. 

First, when an inhibitor is bound with high affinity, slow binding (when 
e that is also present) tends to be obvious, simply because the behavior of 

y the inhibitor must be examined at very low concentrations to determine 

8 ' the value of K { . If, for example, an inhibitor is bound with a K { value of 

s 10" 10 M, and the rate constant for formation of EI is 10 7 sec" 1 M~\ 

} f then a slow rate of onset of inhibition becomes obvious in any kinetic 

e investigation intended to determine K iy carried out over a period of a 

s few minutes. At a concentration of 10" 10 M, the pseudo-first-order rate 

d constant for the onset of inhibition would be 10~ 3 sec" 1 . However, if 

another inhibitor combined with the enzyme at the same rate, but was 
d « much less strongly bound (K { = 10" 5 M, for example), then its rate of onset 

,s of inhibition would be very difficult to determine. For this reason, it 

' remains to be demonstrated in most cases whether 4 1 slow" binding is any 

s - less common among conventional substrate analog inhibitors than among 

transition state and.multisubstrate analog inhibitors that are much more 
strongly bound. Second, some transition state analog inhibitors combine 
rapidly with enzymes, whereas others combine very slowly. 11 If slow 
binding were an essential, rather than an accidental, feature of transition 
state analogy, then such variation might not have been expected. Thus, 
: the relationship between transition state affinity and slow binding, if such 

; a relationship exists, is inconsistent, and its origins seem likely to be 

complex. 

Several possible reasons might be advanced to explain slow binding. 
First, strongly bound inhibitors tend to contain several binding determi- 
- nants, each of which must be properly engaged for optimal binding. These 

; various interactions might take effect in stages, with some adjustment of 

the configuration of the active site or the inhibitor that requires the elapse 
of time. It is also possible that some binding determinants may engage 
more rapidly than others, resulting in formation of a weak "abortive' 1 
complex; this complex must first dissociate before it becomes possible to 
form the final complex that engages all the appropriate binding determi- 
nants. Although rapid weak binding is often followed by slow tight binding, 
it has seldom if ever been determined whether the rapid weak complex 
lies on the pathway to the slow tight complex. 

48 S. Ghisla and V. Massey, /. Biol. Chem. 250, 577 (1975). 
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Another explanation for slow binding of transition state analogs may 
be that the enzyme has not been prepared by natural selection to bind, 
rapidly, a molecule that resembles the altered substrate in the transition 
state, although its affinity for that species is extremely high. Ordinarily, 
the transition state develops from the bound substrate or product, which 
the enzyme has been prepared by natural selection to bind rapidly, permit- 
ting it to act at rates that often approach the limits imposed by encounter 
between the substrate and enzyme in solution. Subsequent reactions, 
within the ES complex, may involve topologically complex transforma- 
tions, including the closing of a lid or flap, to maximize the attractive 
interactions that so greatly stabilize the altered substrate in the transition 
state. 49 New crystal structures show. that bound transition state analog 
inhibitors are enveloped so completely that they become almost com- 
pletely inaccessible to solvent water in the cases of triose-phosphate iso- 
merase, 14 adenosine deaminase, 50 and cytidine deaminase. 51 

Mechanistic Uses of Transition State Analogs: Two Case Histories 

Hydrolytic deamination of adenosine, catalyzed by fungal and mamma- 
lian enzymes, is strongly inhibited by analogs of an unstable hydrated 
intermediate formed by 1,6-addition of substrate water approaching from 
the front side of the adenosine ring as viewed in Scheme 3. Thus, 1,6- 
hydroxymethyl-l,6-dihydropurine ribonucleoside (HDHPR) and the anti- 
biotics coformycin and 2'-deoxycoformycin are powerful competitive in- 
hibitors. Modeling studies show that the critical hydroxy I group of the 
hydroxymethyl substituent of the active isomer of HDHPR can be super- 
imposed on the ring hydroxyl group of the natural 8/?-OH isomer of 
2-deoxycoformycin, both compounds being similar in structure to the 
postulated intermediate in the catalytic process. 

In a remarkable display of steric discrimination, adenosine deaminase 
binds the natural 8/?-OH isomer of 2-deoxycoformycin more tightly than 
the synthetic 85 isomer by a factor of 10 7 . 52 This difference in affinity 
might arise from strong attraction of the SR isomer by the active site, from 
steric hindrance of binding of the 85 isomer, or from some combination of 
these effects. In the 85 isomer, the critical hydroxyl group projects from 
the back side of the ring, from which the leaving group is believed to 
depart during the catalytic process. The extreme lack of specificity of the 

49 R. Wolfenden, MoL Cell, Biochem. 3, 207 (1974). 

50 D. K. Wilson, F. B. Rudolph, and F. A. Quiocho, Science 252, 1278 (1991). 

51 L. Belts, S. Xiang, S. A. Short, R. Woifenden, and C. W. Carter, Jr., J. MoL Biol. 235, 
635 (1994). 

52 V. L. Schramm and D. C. Baker, Biochemistry 24, 641 (1985). 
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enzyme with respect to the leaving group (NH 2 -, CH 3 NH 2 -, C1-, and CH 3 0- 
are similarly reactive) suggests that the active site of the enzyme appears 
to be "as big as a barn" on the leaving group side, so that steric hindrance 
is improbable, and the first of these explanations seems most likely to 
be correct. 

Purine ribonucleoside resembles the substrate adenosine except for 
replacement of the leaving -NH 2 group by hydrogen, and was long consid- 
ered to be bound by adenosine deaminase as a simple competitive inhibitor 
with an affinity similar to the apparent affinity of the substrate. That view 
became untenable when ,3 C NMR studies revealed that purine ribonucleo- 
side was bound by adenosine deaminase with a change of hybridization 
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from sp 2 to sp 3 at C-6. 53 The NMR and U V spectra confirmed identification 
of enzyme-bound purine ribonucleoside as an oxygen adduct, presumably 
a 1,6-hydrate closely analogous in structure to the 1,6-hydrated intermedi- 
ate in direct attack by water at the 6 position of adenosine. 5 In this struc- 
ture, a hydrogen atom occupies the position presumed to be occupied by 
the leaving -NH 2 group in the normal reaction. Because the enzyme is 
nonspecific for leaving group (-C1 and -NHCH 3 are similarly reactive), it 
is also presumably indifferent to substitution by hydrogen at this position. 
If the apparent K { value of purine ribonucleoside is combined with its 
extremely unfavorable equilibrium constant for hydration in free solution 
(K e = 10~ 7 ), then the true K { value of the more inhibitory of the two 
diastereomers of the 1,6-hydrate is found to be in the neighborhood of 
3 x 1(T 13 M. 54 

From the rapid rate of onset of inhibition and the rarity of the hydrate 
in free solution, it was clear that inhibition normally occurs as a result of 
purine ribonucleoside binding, followed by hydration at the active site in 
a mockery of the normal catalytic process. 53 It could further be shown 
that the equilibrium of hydration is greatly enhanced at the active site 
of the enzyme, where the effective concentration of substrate water is 
approximately 10 10 M. 9 

Cytidine deaminases from bacteria and mammals are strongly inhibited 
by 3,4,5,6-tetrahydrouridine, structurally analogous to a hypothetical 
intermediate formed by 3,4-addition of water to the alternate substrate 
5,6-dihydrocytidine, shown in Scheme 4. The competitive inhibitors 
pyrimidin-2-one ribonucleoside [tf i(app) = 3.6 x lO" 7 M] and 
5-fluoropyrimidin-2-one ribonucleoside [K i(app) = 3.5 x 10 8 M] exhibit 
UV absorption spectra, in their complexes with the enzyme, that are 
virtually identical with those of the products obtained when hydroxide 
ion combines with analogs quaternized at N-3. 6 These results indicate that 
the bound inhibitors are oxygen adducts and provide evidence in favor 
of binding as a covalent hydrate, not as an enzyme cysteine derivative 
that had been considered as an alternative possibility. The apparent K, 
value of pyrimidin-2-one ribonucleoside as an inhibitor of bacterial cyti- 
dine deaminase, combined with its equilibrium constant for covalent hy- 
dration in free solution, indicates that K- x = 1.2 x 10" 12 M for 3,4-dihy- 
drouridine (the 3,4-hydrate of pyrimidin-2-one ribonucleoside). 

Adenosine and cytidine deaminases are nonspecific for the leaving 
group in substrates, so that they are probably indifferent to replacement 
of the leaving group by hydrogen in analogs I and II and bind these 

" L. Kurz and C. Frieden, Biochemistry 26, 8450 (1987). 

54 W. Jones and R. Wolfenden, J. Am. Client. Soe. 108, 7444 (1986). 
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cytidine 
K m = 5x 10 5 M 
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= 2.5x 10 7 M 



xJ 



O ~N" 
(H) R 



HN 




uridine 
K:=25x 10 3 M 



HN 



v 



I 

R 



K i = 1.2x10 12 M K i= 3x10 s M 
Scheme 4 



transition state analogs very tightly. Thus, the hydroxyl group at the sp 3 - 
hybridized carbon atom probably offers one of the few structural features 
that could be used by either adenosine or cytidine deaminase to distinguish 
the altered substrate in the transition state for deamination from the sub- 
strate in the ground state (Schemes 3 and 4). To assess the contribution 
of this hydroxyl group to the binding of analogs I and II, we examined the 
results of replacement by hydrogen. 1,6-Dihydropurine ribonucleoside, 
prepared photochemically, was found to serve as a simple competitive 
inhibitor of adenosine deaminase, with a K { value of 5.4 x 10~ 6 M. When 
this value was compared with the K, value of the 1 ,6-hydrate of purine 
ribonucleoside (1.6 x 10 -13 M), it became evident that the 6-hydroxyl 
group of the latter compound contributes - 9.8 kcal/mol to the free energy 
of binding by calf intestinal adenosine deaminase (Scheme 3). 55,56 

Similar experiments on bacterial cytidine deaminase, performed with 
3, 4-dihydropyrimidin-2-one ribonucleoside (/Cj = 3.0 x 10" 5 M), showed 
that the 4-hydroxyl group of 3,4-dihydrouridine contributes - 10.1 kcal/ 
mol to the free energy of binding (Scheme 4). 6 Molecular orbital calcula- 
tions suggest that the geometry and density of electrons are essentially 
identical at other positions in the hydrogen- and hydroxyl-substituted 

53 W. M. Kati and R. Wolfenden. Science 243, 1591 (1989). 
56 W. M. Kati and R. Wolfenden, Biochemistry 28, 7919 (1989). 
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ligands, so that these hydroxyl group contributions to binding affinity, 
approximately - 10 kcal/mol, can be considered to result from simple 
replacement of -OH by -H. 

Group Contributions and Role of Solvent Water 

When bound by a protein, a ligand must normally be removed, at least 
in part, from solvent water. To compare the inherent affinities of the 
desolvated ligands for the active site, it would therefore be of interest to 
correct for the free energies of their prior removal from solvent water. 
(Binding also involves removal of the active site from previous contact 
with solvent water, but this is true in either case and does not contribute 
to the difference in affinities between the hydroxyl-containing and the 
hydrogen-containing ligands.) Free energies have now been determined 
for removal of many compounds of biological interest from solvent water, 
from their water-to-vapor or water-to-cyclohexane distribution coeffi- 
cients. To a fair approximation, free energies of solvation of organic 
compounds are found to vary as an additive function of constituent groups , 
alcohols being solvated more strongly than the corresponding alkanes by 
a factor of roughly 10 5 . 15 If a hydroxyl-containing ligand is more readily 
desolvated that thecorresponding hydrogen-containing ligands by roughly 
7 kcal/mol in free energy, then for both adenosine and cytidine deaminases 
the contribution of a desolvated hydroxyl group to the binding of a transi- 
tion state analog inhibitor appears to be approximately - 17 kcal/mol. 

In arriving at this conclusion, we have assumed that solvent water has 
been stripped completely from ligands at critical points of contact with 
the enzyme. That assumption, although it seems plausible for the hydrox- 
ylated ligand whose high affinity implies a close fit to the active site, may 
not be appropriate in the case of the hydrogen-containing ligand. In the 
latter case a molecule of water may take the place of the missing hydroxyl 
group. This ''trapping" of water would invalidate simple comparison of 
observed binding affinities as a measure of the contribution of the hydroxyl 
group to binding affinity. However, if water is trapped in this way, then 
the stability of the resulting "wet" complex of the hydrogen-containing 
ligand must presumably be greater than that of any hypothetical "dry" 
complex of the hydrogen-containing ligand, from which trapped water 
was absent. Otherwise, a "dry" complex, of the kind needed for direct 
comparison of binding affinities, would have been formed by the hydrogen- 
containing ligand. Under these circumstances, the observed difference in 
binding affinities would be less than the difference in "dry" binding affini- 
ties that is needed to determine the contribution of the hydroxyl group to 
ligand binding. 
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The meaning of our earlier estimate of the contribution of the critical 
hydroxyl group to binding, based on the difference in binding affinity 
between the two ligands, would also be clouded if the conformation of 
the enzyme were to change and, to a different extent, on binding of the 
different ligands. The strong affinity observed for the hydroxylated ligand 
suggests that the native conformation of the enzyme is already well 
adapted to tight binding of the hydroxyl-containing ligand. The hydrogen- 
containing ligand, being smaller, should be able to fit into any "native" 
structure that can accommodate the hydroxylated ligand. It would hardly 
be surprising, however, if the active site of the enzyme were to show 
some tendency to collapse around the hydrogen-containing ligand, forming 
a more compact structure than does the complex of the hydroxyl-contain- 
ing ligand. Such a change in structure would invalidate simple comparison 
of binding affinities as a measure of hydroxyl group contribution to binding. 
If, however, the hydrogen-containing ligand were bound with such a 
change in conformation, then the stability of the resulting "collapsed" 
complex would necessarily be greater than that of any complex with the 
active site in the "native" configuration. Otherwise, the natively config- 
ured complex, being more stable, would have been the species actually 
observed at equilibrium. The contribution of the hydroxyl group to the 
stability of the complex of the hydroxyl-containing ligand in the native 
structure would again have been underestimated. 

These considerations suggest that if "water trapping" or enzyme dis- 
tortion accompany formation of the complex of the enzyme with the 
hydrogen-containing ligand, then either of these effects might be expected 
to exert a "leveling" influence on the relative affinities observed for the 
hydroxyl- and hydrogen-containing ligands, leading to underestimation of 
the contribution of the critical hydroxy! group to binding affinity. Evi- 
dently, the contributions of these hydroxyl groups to binding affinities of 
the desolvated ligands are probably at least as large, and could be larger, 
than values of approximately - 17 kcal/mol suggested by the observed 
differences in K { values. 

Crystal structures have now been reported for the complexes formed 
between transition state analogs and adenosine 57 and cytidine 51 deami- 
nases. The results confirm that these inhibitors are bound as the covalent 
hydrate almost completely removed from contact with solvent water, as 
in the complex that is formed between 2-phosphoglycolate and triose- 
phosphate isomerase. 14 The implied conformation change, by maximizing 
the possibility of attractive interactions between the enzyme and substrate 
m the transition state, may help to answer the conflicting requirements 

57 D. K. Wilson, F. B. Rudolph, and F. A. Quiocho, Science 252, 1278 (1991). 
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of transition state stabilization and rapid access of substrates and egress 
of products. 49 Several features of the new crystal structures are shown in 
Scheme 5. The critical hydroxyl group of the inhibitor, on which so much 
of the catalytic binding enhancement appears to depend, interacts with 
three groups, including a zinc atom and a carboxylate residue at the active 
site of the enzyme. 

Conclusions 

In summary, many of the structural features of a substrate remain 
unchanged as it passes from the ground state to the transition state. To 
enhance the rate of a reaction, an enzyme must therefore single out for 
chemical recognition those few features of a substrate that do change. 
We have considered the generation of hydrates I and II at the active sites 
of nucleoside deaminases as analogs of the process by which such enzymes 
generate intermediates in substrate transformation. In these compounds, 
a tetrahedrally oriented hydroxyl group is an obvious feature that distin- 
guishes these compounds from the aromatic starting materials. Evidently 
a few polar interactions involving this group, arising fleetingly in the 
transition state, are capable of generating a large part of the added binding 
-affinity that is needed to explain the rate enhancement (~ 10 12 -fold) that 
an enzyme of this kind produces. Other interactions with the enzyme are 
obviously important in transition state stabilization and can be analyzed 
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by similar methods, including active site directed and inhibitor directed 
mutagenesis. Particular mention should be made of the structural results, 
too extensive for present discussions, of crystallographic studies of other 
enzyme complexes with transition state and multisubstrate analog inhibi- 
tors, especially those of triose-phosphate isomerase, 14 thermolysin, 26 and 
carboxypeptidase A. 23 



Transition State and Multisubstrate Analogs (Table I) 

The list of enzymes and inhibitors in Table I is organized according 
to EC classification, and an attempt has been made to cite the original 
reference in each case. A list of this kind is certain to contain errors of 
omission, for which the authors apologize. 
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